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FOREWORD 

This r e p o r t  w a s  prepared by the  Research Triangle  I n s t i t u t e ,  
Research Triangle  Park, North Carolina,  on NASA Contract NASZ-5225, 
"Study of the Electron I r r a d i a t i o n  Ef fec t s  on Capacitor-Type Micro- 
meteoroid Detectors". This work was administered under the  d i r e c t i o n  
of  the  Instrument Research Division a t  Langley Research Center. 
C. Laney was p r o j e c t  engineer f o r  NASA. 

Charles 

This i n v e s t i g a t i o n  began i n  June 1965 and w a s  concluded i n  June 
1966. It was performed by t h e  S o l i d  S t a t e  Laboratory of the  Research 
Triangle  I n s t i t u t e  under the  general  d i r e c t i o n  of D r .  R. M. Burger. 
L .  K. Monteith, J. R. Hauser, and T. M. Royal a r e  t h e  authors  of t h i s  
r epor t .  The authors  a r e  indebted t o  H. B. Lyon for h i s  con t r ibu t ions  
t o  t h e  research e f f o r t .  

This r epor t  is d i r e c t l y  r e l a t e d  t o  e a r l i e r  reports :  "Theoretical  
Analysis of Operational C h a r a c t e r i s t i c s  of Micrometeoroid Capacitor 
Detectors" dated A p r i l  1964 and prepared under Contract NAS1-3343 and 
"Study on the  Electron I r r a d i a t i o n  Ef fec t s  on Capacitor-Type Micro- 
meteoroid Detectors", NASA CR-312, October 1965. 
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External  charge t r a n s f e r  
mylar has been observed and a 

ABSTRACT 

/2%n- 
r e s u l t i n g  from e lec t ron  i r r a d i a t i o n  of 
phenomenological model developed which 

includes space charge build-up, t r anspor t  of charge during i r r a d i a t i o n  
and t h e  decay of space charge a f t e r  ceasing i r r a d i a t i o n .  The spatial 
symmetry does not  s t rong ly  inf luence  t h e  ex terna l  charge t r a n s f e r  
c h a r a c t e r i s t i c s .  The depth of t r a p  f i l l i n g  and t h e  s p a t i a l  ex t en t  of  
t rapped charge are t h e  major f a c t o r s  i n  determining t h e  ex te rna l  charge 
t r a n s f e r .  The model has  been shown t o  be i n  reasonable  agreement with 
t h e  experimental observat ions.  

Charge s torage  r e s u l t i n g  from e lec t ron  i r r a d i a t i o n  of  a capac i tor  
s t r u c t u r e  using mylar can r e s u l t  i n  spontaneous discharge events.  The 
spontaneous discharge c h a r a c t e r i s t i c s  depend upon t h e  i r r a d i a t i o n  
e l e c t r o n  energy and t h e  f l u x  r a t e .  A t  f lux  rates comparable t o  t h e  
Van Al len  f l u x  rate, i r r e g u l a r  discharge events with a pulse  he ight  l e s s  

than 1 v o l t  were observed. For f l u x  r a t e s  i n  excess of 10 e/cm -sec 
r egu la r  puls ing with a pulse  he ight  t h e  order  of 100 v o l t s  w a s  observed. 
These can be i n t e r p r e t e d  a s  p a r t i a l  and complete l i b e r a t i o n  of  t h e  
trapped charge respec t ive ly .  

12 2 
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CHARGE STORAGE EFFECTS I N  MYLAR 

RESULTING FROM ELECTRON IRRADIATION 

By L. K. Monteith, 3 .  R. Hauser and T. M. Royal 
Research Triangle  I n s t i t u t e  

SECTION I 

INTRODUCTION 

Under NASA Contract  NAS1-3892, charge s to rage  i n  polyethylene * 
t e r e p h t h a l a t e  
ene rge t i c  e l ec t rons  (Ref. 1). A phenomenological model which agrees  
with t h e  k i n e t i c s  o f  t h e  space charge decay w a s  developed. 
combined the  concepts of charge r e l e a s e  from traps with e l e c t r o s t a t i c s  
t o  o b t a i n  an estimate of t he  i n t e r n a l  e l e c t r i c  f i e l d  which r e s u l t e d  
from space charge build-up. The assumptions used t o  a r r i v e  a t  a rea- 
sonable model were such t h a t  only minimum values  could be in fe r r ed .  
Under NASA Contract NAS1-5225, t he  model has  been extended t o  include 
space charge build-up and t r anspor t  o f  charge during i r r a d i a t i o n  and 
the  decay of trapped charge a f t e r  ceasing i r r a d i a t i o n .  Four spa t i a l  
d i s t r i b u t i o n s  of trapped charge have been included i n  t h e  model and it  
has  been poss ib l e  t o  account f o r  t he  r e l ease  of charge from t raps  and 
t h e  r e s u l t i n g  changes i n  t h e  t r a p p e d  charge asynnnetry f o r  each 
d i s t r i b u t i o n .  

(PET) w a s  observed r e s u l t i n g  from i r r a d i a t i o n  with 

The model 

There has a l s o  been evidence obtained from many sources which 
demonstrates t h a t  t h e  charge s torage associated with e l e c t r o n  i r r a d i -  
a t i o n  can r e s u l t  i n  spontaneous discharge events (Refs. 2,3). 
he igh t s  and r a t e s  as a function of numerous i r r a d i a t i o n  parameters 
have been obtained experimentally. 
t h e r e  are  a t  l e a s t  two operat ive mechanisms a s soc ia t ed  wi th  spontaneous 
discharge.  I r r e g u l a r  pulse rates and p u l s e  he igh t s  t he  order  of a v o l t  
o r  less can be l o g i c a l l y  in t e rp re t ed  as discharges occurring e i t h e r  due 
t o  excessive charge build-up i n  a loca l i zed  region o r  due t o  t h e  ion i -  
z a t i o n  o f  a loca l i zed  region where t h e  f i e l d  s t r eng th  is less than t h a t  
f o r  most of t h e  i r r a d i a t e d  volume. Fu l l  discharge events are those f o r  
which most of the  space charge i s  l i be ra t ed .  
i r r e g u l a r  pulse  r a t e s  and pulse heights  are more l i k e l y  a t  least  f o r  
i r r a d i a t i o n  f l u x  r a t e s  comparable t o  those expected i n  t h e  Van Allen 
b e l t s .  

Pulse  

These da t a  f o r  PET i n d i c a t e  t h a t  

Data i n d i c a t e s  t h a t  t h e  

* 
Dupont Mylar 



SECTION I1 

IRRADIATION CHARGE BUILD-UP AND RELEASE 

This section investigates the model used to describe the charge 
build-up and decay as a function of time. A one carrier model is used 
with the discussion in terms of electrons. It is assumed that a band 
model is applicable with traps in the forbidden band below the conduc- 
tion levels. 

The equations describing the free electron density n and the trapped 
electron density n are Poisson's equation, and continuity equations for 

trapped and free charges. For a single trap level, these equations are 
(neglecting carrier di f f us ion) 

t 

~ . ~ = z [ n - n  0 + n t - n  to I ,  

ant at = cnn(NT - nt) - sn t exp(-Et/kT) , 

where c is the capture coefficient, N is the total trap density, s is 

an attempt to escape frequency, E is the trap energy measured from the 
conduction band, and G is the rate at which electrons are generated per 
unit volume, 

n T 

t 

For distributed traps, the above continuity equation for trapped 
electrons applies only to a small increment &, of trapped electrons, 
i.e., 

a% 
at= 

where & is the density 

at an energy E below the 
t 

in this energy interval. 
of trapped electrons can 
over all trap energies. 
depends upon the assumed 

L 

( 4 )  

of trapped electrons in an energy interval aE 
conduction band, and is the trap density 

A continuity equation for the total density 
be obtained by integrating the above equation 
The form of the continuity equation obtained 
distribution of traps with energy below the con- 

T 

duction band. 
tions to the physical situation. These are: 

Three distributions are of special interest as approxima- 

2 



c (a) S ingle  t r a p  l e v e l  

(b) Uniform t r a p  dens i ty  

aNT B 
x=kT 

C 

(c) Exponential t r a p  dens i ty  

x=kT aNT exp(-E/kTc) . 
C 

(7) 

The de r iva t ion  of t h e  con t inu i ty  equation f o r  trapped charge is given 
i n  Appendix A f o r  t h e  above d i s t r ibu t ions .  

For a uniform t r a p  d i s t r i b u t i o n ,  t he  normalized equations descr ibing 
e l ec t ron  build-up and decay a r e  

a i t  
- =  E n ii (RT - it) - exp(iit) , 
ai 

( 8 )  

a - = - -  ai + G + -(in; P) , 
a; a; ax 

aii 

- (ii - ;Lo + iit) , aF 
art 
- =  

(9) 

A program has been w r i t t e n  t o  so lve  these equations by a computer. 

I n  consider ing t h e  release of trapped e lec t rons ,  i t  is use fu l  t o  
consider  t h e  var ious  t i m e  cons tan ts  associated with the  terms i n  the  
c o n t i n u i t y  equations.  There a r e  t h r e e  t i m e  constants  of  i n t e r e s t :  

(1) t h e  t rapping t i m e  f o r  f r e e  e lec t rons ,  
(2) t h e  r e l e a s e  time constant  of trapped e lec t rons ,  and 
(3) the  t r anspor t  t i m e  f o r  f r e e  carriers out  o f  t h e  material. 

The l a s t  two t i m e  cons tan ts  depend upon the  magnitude of trapped charge. 
For t y p i c a l  parameter values ,  i t  is  found t h a t  t h e  f r e e  carrier t rapping 
t i m e  cons tan t  and t h e  f r e e  carrier t ranspor t  time constant  a r e  much less. 
than t h e  r e l e a s e  t i m e  constant  f o r  trapped c a r r i e r s .  This i nd ica t e s  t h a t  
t h e  t i m e  behavior of  t h e  charge r e l e a s e  is determined mainly by the  na- 
t u r e  of t h e  traps. 

3 



The d i f f e r e n t  physical  processes  (i .e. ,  t rapping,  t r anspor t ,  and 
charge r e l ease )  and a s soc ia t ed  time constants  l ead  t o  d i f f i c u l t i e s  i n  
a s t ra ight forward  at tempt  t o  so lve  the  th ree  above equat ions.  It i s  
found t h a t  t he  f r e e  e l ec t ron  concentrat ion can change very r ap id ly  by 
trapping and t r anspor t  t o  reach a s t a t e  of "quasi-equilibrium" where 
a n / a t  << a n t / a t .  When t h i s  occurs,  d i f f i c u l t y  i s  encountered i n  t h e  

con t inu i ty  equation f o r  f r e e  e l ec t rons  s ince  &/at is t h e  small d i f -  
ference betweell l a r g e  terms which a r e  approximately equal.  

The above conclusions have been v e r i f i e d  by a computer so lu t ion  of  
t he  equat ions f o r  n and n Regardless of t he  i n i t i a l  f r e e  e l ec t ron  

concentrat ion,  i t  r ap id ly  a d j u s t s  i n  times on the  order  of t h e  e l ec t ron  
t r a n s i t  time across  the  ma te r i a l  t o  a value such t h a t  &/at << a n  /a t .  
I n  studying t h e  build-up and the  decay of trapped e lec t rons ,  t he  cont in-  
u i t y  equat ion f o r  e l ec t rons  has  been replaced,  therefore ,  by t h e  equat ion 

t o  

t 

This leads t o  a d i f f e r e n t i a l  equat ion f o r  n as a funct ion of ii 
which i s  

and % t 

- -  
pn - F - a n  - [bn (iit + n - no) + Cn (W, - i t ) ]  ii + 12 exp(iit) = 0. (12) 

ax 
This equation combined with t h e  con t inu i ty  equat ion f o r  trapped charge 
and Poisson ' s  equation a r e  the  th ree  equat ions used f o r  c a l c u l a t i n g  
charge build-up and decay. It was a l s o  assumed t h a t  n >> n which i s  

t h e  case except a t  very l a r g e  d e n s i t i e s  of t rapped charge (n 
a t  very small  d e n s i t i e s  of trapped charge.  

t 
'V NT) o r  

t 

The method of so lv ing  f o r  t he  f r e e  and t rapped charge is  b r i e f l y  
described below. The i n i t i a l  trapped charge and t h e  genera t ion  rate 

and n . a r e  considered a s  known as w e l l  as t h e  cons tan ts  

W i t h  t h e  i n i t i a l  trapped charge, Poisson ' s  equat ion is solved f o r  t h e  
e l e c t r i c  f i e l d  (n - io << At). The boundary condi t ions  on t h e  e lec t r ic  
f i e l d  a r e  

- -  
n' NT' In, 0 

0 J I F d % = O ,  (13) 

which corresponds t o  t h e  shor ted  e l e c t r o d e  case.  
e l ec t ron  concentrat ion i s  ca l cu la t ed  from t h e  d i f f e r e n t i a l  equat ion f o r  
i. 
time t o  obta in  a t  a l a t e r  time. The process  i s  then repeated f o r  

any d e s i r e d  time i n t e r v a l .  Fur ther  a spec t s  and d i f f i c u l t i e s  i n  t h e  solu-  
t i o n  of t he  equations are discussed i n  Appendix B. 

With P known, t h e  f r e e  

Then a; 1% can be evaluated and t h i s  used t o  ex t r apo la t e  t o  a new t 

t 
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It can be seen from the  bas i c  equations f o r  fi << fi  and f o r  t T 
<< a i  /a: t h a t  t h e  shape of the  build-up and decay curves depend t 

upon t h e  combination of  parameters 

and 

e = -  TC exp(RT) G . TBs 

This is  an  important cons idera t ion  s ince  i t  i s  poss ib le  t o  s tudy a l l  
parameter v a r i a t i o n s  by changing only these two q u a n t i t i e s .  These 
parameters a r e  discussed i n  d e t a i l  i n  Appendix C .  A value c nT/Ln = 1.7 was p r inc ipa l ly  used f o r  t he  computer ca l cu la t ions .  

However, i n  a few ins tances ,  va lues  of  

were used t o  ind ica t e  the  behavior expected wi th  a v a r i a t i o n  of t hese  
parameters.  S p a t i a l  d i s t r i b u t i o n s  were chosen t o  approximate t h e  
physical  processes which r e s u l t  i n  t h e  slowing down of t h e  i r r a d i a t i o n  
e l ec t rons  t o  thermal ve loc i ty .  The following r e s u l t s  a r e  obtained 
consider ing only a uniform t r a p  d i s t r i b u t i o n  with energy. For ex terna l  
charge t r a n s f e r ,  t he  data  a r e  presented f o r  t i m e s  l a r g e r  than 60 seconds 
following the  s t a r t  of trapped charge decay. This corresponds t o  t h e  
experimental  procedures out l ined  i n  Appendix D. 

n 
R /i = 0.17 and En fi 1; = 17  n T n  T n  

EXTERNAL CHARGE TRANSFER FOR 

VARIOUS DEPTHS OF TRAP FILLING 

Using a uniform s p a t i a l  d i s t r i b u t i o n  of t r a p p e d  i r r a d i a t i o n  e lec-  
t rons  a s  i n fe r r ed  from t h e  r e s u l t s  obtained under NASA Contract NAS1-3892 
(Ref. l), t h e  ex te rna l  charge t r a n s f e r  fo r  var ious depths of t r a p  f i l l i n g  
has  been considered. The trapped charge i s  i n i t i a l l y  assumed t o  be uni-  
formly d i s t r i b u t e d  t o  a depth of one-half t h e  t o t a l  thickness  of t he  
sample.  
t i a l  charge i n  t r a p s  a have a l s o  been ca lcu la ted .  The r e s u l t s  are shown 
i n  Fig.  1. The s a l i e n t  f ea tu re  of t h e  r e s u l t s  is the  I n  t behavior over 
some por t ion  of  each curve. Also, t h e  ex terna l  charge t r a n s f e r  reaches 

a maximum between 10 and 10 seconds with approximately 5 percent of  
t h e  t o t a l  i n i t i a l  charge i n  t r a p s  observed i n  the  ex terna l  c i r c u i t .  

Rat ios  of t he  t o t a l  ex te rna l  charge t r a n s f e r  t o  t h e  t o t a l  i n i -  

4 5 

The corresponding ex terna l  cur ren t  as a funct ion of t i m e  f o r  t h e  
var ious  depths of t r a p  f i l l i n g  are shown i n  Fig.  2. It should be noted 
t h a t  t h e  cu r ren t  does not  have a simple l / t  behavior. I n i t i a l l y ,  t h e  
cu r ren t  decreases  less r ap id ly  t h a t  l / t  and only approximates l / t  f o r  a 
po r t ion  of t h e  decay t i m e .  
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Figure 1 .  External charge transfer a8 a function of time for various 
trapped charge dens i t ies .  
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Figure 2. External current as a function of time for various 
trapped charge densities. 
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EXTERNAL CHARGE TRANSFER FOR VARIOUS 

SPATIAL DEPTHS OF TRAPPED CHARGE 

Using a uniform spa t i a l  d i s t r i b u t i o n  of trapped charge extending 
from t h e  i r r a d i a t e d  boundary t o  various f r a c t i o n s  of t he  t o t a l  th ick-  
ness o f  t he  sample,  t h e  ex te rna l  charge t r a n s f e r  has been computed as 
shown i n  Fig .  3. Again, t he  t r a n s f e r  of ex te rna l  charge has  a I n  t 
behavior f o r  some port ion of each curve. The maximum f r a c t i o n  of t h e  
i n i t i a l  trapped charge which can be detected by ex te rna l  charge t r ans -  
f e r  h a s  been ca l cu la t ed  with a maximum value of 6 percent obtained when 
t h e  trapped charge is d i s t r i b u t e d  uniformly t o  a depth s l i g h t l y  less 
than one-half  t h e  sample thickness.  The corresponding c h a r a c t e r i s t i c s  
f o r  ex te rna l  cu r ren t  during space charge decay a r e  shown i n  Fig.  4. 

En RT 
EFFECT OF CHANGING THE PARAMETER- - 

pn 

The s p a t i a l  d i s t r i b u t i o n s  as a funct ion of time during space charge 
2 decay f o r  mobil i ty  values o f  1, 0.1 and 0.01 cm /v-sec are shown i n  

Figs.  5, 6 and 7,  r e spec t ive ly .  The i n i t i a l  depth of t r a p  f i l l i n g  and spa-  
t i a l  symmetry w a s  i d e n t i c a l  f o r  each case and t h e  same as considered i n  
Fig.  1. The main a f f e c t s  o f  changing the  mobil i ty  are (1) t he  ra te  of 
space charge decay i n  the  i n i t i a l  trapped charge region and (2) t h e  
r a t e  of charge build-up i n  t h e  region beyond t h e  i n i t i a l  trapped charge 
region. For the  high mobil i ty  case (Fig. 5),  t h e  c a r r i e r s  a r e  t r ans -  
ported t o  t h e  boundaries e s s e n t i a l l y  as they a r e  r e l eased  from t r aps  
( i . e . ,  no-retrapping).  When t h i s  occurs, t h e r e  i s  l i t t l e  change i n  
t h e  symnetry of t h e  trapped charge and t h e  ex te rna l  charge t r a n s f e r  i s  
only a small port ion of t h e  i n i t i a l  trapped charge. For t h e  low mobil- 
i t y  case (Fig. 7 ) ,  t he re  i s  appreciable  r e t r app ing  of t h e  carriers i n  
t h e  space charge region r e s u l t i n g  i n  a slower r a t e  of space charge 
decay. In  add i t ion ,  e s s e n t i a l l y  a l l  t h e  e l e c t r o n s  r e l eased  from t raps  
t o  the r i g h t  of the  zero f i e l d  point  are  retrapped i n  the  region be- 
yond t h e  i n i t i a l  space charge f r o n t .  This approaches t h e  simple model 
considered i n  Appendix D. 

Shown i n  Fig.  8 are t h e  e f f e c t s  of mob i l i t y  on r e t r app ing  i n  the  
space charge region. The curves show t h e  decay o f  charge from traps.  
The high mobil i ty  case approaches t h e  no-trapping r e l e a s e  considered 
under NASA Contract NAS1-3892 (Ref. 1 ) .  A s  t h e  mob i l i t y  decreases,  re -  
trapping reduces the  r a t e  of space charge decay. 

The ex te rna l  charge t r a n s f e r  f o r  t h e  t h r e e  mob i l i t y  values  are 
shown i n  Fig. 9. Again, t h e  curves show a I n  t behavior f o r  some por t ion  
of time f o r  each value of mobil i ty .  However, t h e  maximum f r a c t i o n  o f  
t he  i n i t i a l  trapped charge detected as ex te rna l  charge inc reases  with de- 
creasing mobili ty.  This f r a c t i o n  i s  approximately 0.2 percent and 7 

percent f o r  1.0 c m  /v-sec and 0.01 c m  /v-sec,  r e spec t ive ly .  It i s  i n t e r -  
e s t ing  t o  note  t h a t  t h e  s i m p l e  model i n  Appendix D p r e d i c t s  a f r a c t i o n  
of approximately 7 percent.  An important conclusion t h a t  can be drawn 

2 2 
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F i g u r e  3 ,  External charge  t r a n s f e r  as a function of t i m e  for various 
s p a t i a l  depths  of  trapped charge 
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Figure 4 .  External current as a function of time for various spatial  
depths of trapped charge. 
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Figure 9 .  External charge transfer a s  a function of time for various 
mobility values and for the same spatial  distribution of 
i n i t i a l  trapped charge. 
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from these  r e s u l t s  i s  t h a t  t h e  space charge decay model i s  use fu l  f o r  
i n t e rp re t ing  experimental r e s u l t s  on ly  f o r  those- ma te r i a l s  where c fi /Gn > 1. n T  

SPATIAL DISTRIBUTIONS FOR TRAPPED CHARGE 

A uniform d i s t r i b u t i o n  has  been used i n  t h e  above analyses .  Other 
d i s t r i b u t i o n s  have a l s o  been considered t o  i n v e s t i g a t e  t h e  e f f e c t s  of  
var ious d i s t r i b u t i o n s  on the  t r a n s f e r  of ex te rna l  charge. A d i s t r i b u -  
t i o n  f o r  t h e  t ransmission of  a monoenergetic e l ec t ron  f lux  i n  PET has 
been ca l cu la t ed  by M. Berger (Ref. 4). From these  r e s u l t s ,  a s topping 
d i s t r i b u t i o n  has been obtained a s  shown f o r  the  i n i t i a l  trapped charge 
(t = 0) i n  Fig.  10. The decay of space charge €or  t h i s  i n i t i a l  d i s t r i -  

bution has been ca lcu la ted  f o r  pn = 0.1 cm /v-sec and p = 0.01 c m  /v-sec 

as shown i n  Figs .  10 and 11, re spec t ive ly .  A l i n e a r  s p a t i a l  d i s t r i b u t i o n  
of  trapped charge has  a l s o  been considered as shown i n  Fig.  12. The main 
f ea tu re  of these  decay curves i s  t h e  manner i n  which the  space charge 
d i s t r i b u t i o n  approaches t h e  uniformly d i s t r i b u t e d  case.  

d i s t r i b u t i o n  t h i s  e f f e c t  i s  more notab le  f o r  p = 0.01 c m  /v-sec. 
w i l l  a l s o  be t r u e  fo r  any s p a t i a l  d i s t r i b u t i o n  when Cn RT/Ln > 10. When 

t h i s  a p p l i e s ,  t h e  ex te rna l  charge t r a n s f e r  f o r  an  a r b i t r a r y  spa t i a l  d i s -  
t r i b u t i o n  i s  expected t o  have many of  t h e  c h a r a c t e r i s t i c s  of t h e  uniform 
s p a t i a l  d i s t r i b u t i o n .  A comparison of  ex te rna l  charge t r a n s f e r  f o r  two 
d i s t r i b u t i o n s  is  shown i n  Fig.  13. I n  t h i s  case, the  ex te rna l  charge 
t r a n s f e r  curves have been normalized t o  t h e  t o t a l  i n i t i a l  trapped charge.  
Both curves exh ib i t  approximately a I n  t behavior fo r  some por t ion  of  
t h e  decay, however, t h e  peaked d i s t r i b u t i o n  r e s u l t s  i n  a l a r g e r  f r a c t i o n  
o f  t h e  t o t a l  i n i t i a l  trapped charge t r a n s f e r r e d  i n  the  ex te rna l  c i r c u i t .  
The d i f fe rences  between these  curves do not  appear t o  be s i g n i f i c a n t  
enough t o  permit an inference  of t h e  i n i t i a l  trapped charge s p a t i a l  d i s -  
t r i b u t i o n  from the  charge t r a n s f e r  c h a r a c t e r i s t i c s .  

2 2 
n 

For t h e  peaked 
2 This  

TRAPPED CHARGE BUILD-UP 

I n  the  previous sec t ions ,  an i n i t i a l  t r a p p e d  charge d i s t r i b u t i o n  
has  been assumed and t h e  decay from t h i s  d i s t r i b u t i o n  has  been inves t iga t ed .  
I n  order  t o  determine a r e a l i s t i c  t rapped charge d i s t r i b u t i o n ,  one must 
f i r s t  use t h e  model t o  c a l c u l a t e  t h e  space charge build-up. Space charge 
build-up using a generat ing func t ion  G which i s  cons tan t  from t h e  i r rad ia ted  
boundary t o  a depth of .$i t h e  t o t a l  th ickness  i s  shown i n  Fig.  14  f o r  var -  

z ious i r r a d i a t i o n  times with a mobi l i ty  pn = 0.1 c m  /v-sec and a f l u x  r a t e  

@ = 3 X 10l1 e/cm -sec.  The curve corresponding t o  an  i r r a d i a t i o n  time 
of  38.6 sec. i s  c lose  t o  t h e  s t eady- s t a t e  space charge d i s t r i b u t i o n  i n  
t h e  region x / L  < . 5 .  The s t eady- s t a t e  condi t ion  r e s u l t s  when t h e  ra te  of  
charge r e l ease  from t r a p s  and t r anspor t  t o  t h e  boundaries i s  equal t o  
t h e  rate a t  which carriers a r e  added t o  t h e  sample. Near x / L  = 1, t h e r e  
w i l l  be an add i t iona l  charge build-up f o r  i r r a d i a t i o n  t i m e s  g r e a t e r  than 

2 
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38.6 seconds. The main difference between this distribution and those as- ' 
sumed in previous sections is the tail for x/L > . 5 .  

Using the G function corresponding to the stopping of electrons as 
shown in Fig. 15, the build-up of space charge shown in Fig. 16 has been 
calculated. The trapped charge distribution maintains some of the char- 
acteristics of the generating function until steady-state is approached. 
Near steady-state the space charge distribution is similar to that for 
the uniform generating function. After 100 seconds irradiation time, 
the space charge distribution is approaching steady-state. 

The transfer of external charge which results from two of the 
build-up distributions in Fig. 14 have been calculated with the re- 
sults shown in Fig. 17. To compare these results with those in Fig. 1, 
one must consider distributions which have approximately the same value 
of total trapped charge. Distribution b in Fig. 17 has approximately 
the same value of total trapped charge as distribution e in Fig. 1. 
The transfer of external charge for the two distributions is initially 
the same, however, the distribution in Fig. 17 results in an earlier 
saturation of external charge due primarily to the finite charge at 
x/L = 1.0 at the beginning of the decay period. 

Another interesting quantity is the fraction of the total irra- 
at any time. This is approxi- traps /Q flux diation charge in traps Q 

mately the same for the two 6 functions used in the present calcula- 
tions and the results are shown in Fig. 18. The total trapped charge 
becomes a smaller fraction of the total incident charge because of the 
approach to a steady-state condition. After about 100 sec. irradiation 
time, the charge in traps is only about 0.1 times the total incident 
charge. For longer times, the fraction decreases approximately an 
order of magnitude for each order of magnitude in time. 

MAXIMUM INTERNAL ELECTRIC FIELD 
RESULTING FR(3M T W P E D  CHARGE BUILD-UP 

The maximum internal electric field as a function of irradiation 
time for space charge build-up shown in Figs. 14 and 16 has been 
calculated. The results are shown in Fig. 19. As the space charge 
distribution approaches steady-state, the maximum value of internal 

5 electric field is approximately 6 x 10 v/cm. This corresponds to 
approximately an order of magnitude less than quoted values of internal 
field strength for PET. 

STEADY-STATE VALUES OF TRAPPED CHARGE 

It is possible to obtain estimates of the steady-state values of 
trapped charge and of the time to reach steady-state conditions during 
charge build-up without the computer solutions. These are readily ob- 
tained at the zero field point, where the equations for 6 and i~ are t 
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I n  s t eady- s t a t e  

is r e l a t ed  t o  G 
where aiit/af = 

from t h e  above 
0, t h e  s t eady- s t a t e  va lue  of t (“s) 
equations by 

This equation leads  d i r e c t l y  t o  an estimate of t h e  s a t u r a t i o n  va lue  of 
trapped charge. 
po in t ,  However, t h e  zero  f i e l d  poin t  w i l l  occur near  t h e  poin t  a t  which 

has  i t s  maximum value.  Thus, reasonable  es t imates  of t h e  maximum 
trapped charge can be obtained from t h e  above equat ion i f  t h e  maximum 
value  of  i s  known. 

The equat ion i s  exac t ly  v a l i d  only a t  t h e  zero  f i e l d  

During the  i n i t i a l  s t ages  of 

(fi, - RT), and from Eqs. (16) and 

a i t  
- (1  + 
af 

This can be in t eg ra t ed  t o  g ive  

charge build-up, exp(G ) << cnd 
(17) it is  descr ibed by t h e  equation: 

t 

n +- i i 2 - E E .  
2’,fiT 

t -  

As s teady-s ta te  is  approached, n dev ia t e s  from t h e  va lue  given by the  

above expression because of  t h e  r e l e a s e  of  carriers from traps.  However, 
an  est imate  of t h e  t i m e  requi red  t o  reach s t eady- s t a t e  can be obtained 
from the above equat ion by tak ing  

t 

where is t h e  s a t u r a t i o n  value of  ii a s  obtained from Eq. (18). t s  t 

The s t eady- s t a t e  va lues  o f  t rapped charge and t i m e  t o  reach steady- 
s ta te  a r e  shown i n  Figs.  20 and 21 f o r  va r ious  mob i l i t y  va lues  as a funct ion 
of  f lux  rate. I n  obta in ing  t h i s  da ta ,  i t  has  been assumed t h a t  t h e  e l ec t rons  

28 



, 

loL4 

h 
U 

l0l2 

9 

1o1O 

5 10 15 20 25 30 35 40 45 50 55 

nt x 10-14(c1cctron./cm 3 
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Figure 21. Irradiation time required to achieve steady-state space charge 
distribution as a function of thermalized electron flux rate 
for various mobilities. 
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a r e  stopped uniformly throughout t h e  sample thickness.  Values on these  
graphs have a l s o  been found t o  be consis tent  wi th  values  obtained from 
the  computer so lu t ions .  The s a t u r a t i o n  value of trapped charge i s  
seen t o  be approximately logari thmical ly  r e l a t e d  t o  t h e  f l u x  r a t e .  

EWERIMENTAL 

There has been no concerted e f f o r t  t o  f i t  the  model f o r  space 
charge build-up and decay t o  the experimental r e s u l t s  obtained t o  
date.  However, t h e  external  charge t r a n s f e r  curves shown i n  Figs.  1, 3, 
9, 13 and 17 a r e  i n  reasonable q u a l i t a t i v e  agreement with the  experi-  
mental r e s u l t s  reviewed i n  Appendix D. The dependence on i r r a d i a t i o n  
time and primary e l e c t r o n  energy exhibi t  t h e  same general  c h a r a c t e r i s t i c s .  
To i n v e s t i g a t e  i n  more d e t a i l  the  a p p l i c a b i l i t y  of the  model, experimental 
techniques ou t l ined  i n  Appendix D were employed t o  o b t a i n  ex te rna l  cu r ren t  
during space charge decay a s  a function of var ious i r r a d i a t i o n  parameters. 
These r e s u l t s  were then g raph ica l ly  in t eg ra t ed  t o  ob ta in  charge t r a n s f e r .  

0 

Samples of 1/4 m i l  mylar with 6500 A aluminum electrodes were irra- 
d i a t ed  with 14 kev e l ec t rons ,  which r e su l t ed  i n  the  maximum ex te rna l  
charge t r a n s f e r  as a funct ion of energy as shown i n  Appendix D. The 

-a 2 cur ren t  densi ty  w a s  5 x 10 amp/cm . This corresponds t o  a f l u x  r a t e  

of 3.1 x 1011 e/cm sec. For these i r r a d i a t i o n  condi t ions,  t h e  primary 
e l ec t rons  are thermalized i n  t h e  mylar and Fig. 20 can be used t o  ob ta in  

an est imate  f o r  t h e  trapped charge density of n 3.4 x lOI5 e/cm . 
The r e s u l t s  obtained i n  Figs.  1 and 2 should provide a reasonable esti-  
mate of  the  ex te rna l  c u r r e n t  and charge t r a n s f e r  c h a r a c t e r i s t i c s  f o r  
the  s t a t e d  i r r a d i a t i o n  times as shown i n  Fig. 22. Also shown as a 
dot ted curve i s  t h e  ex te rna l  cu r ren t  f o r  d i s t r i b u t i o n  e i n  Fig. 1. Two 
of  t h e  cu r ren t  measurements were graphical ly  in t eg ra t ed  and a r e  p l o t t e d  

3 
i n  Fig.  23. 
seconds l i m i t s  the  range of comparison, however, the  model p r e d i c t s  a 
charge t r a n s f e r  as shown by the dotted curve. These r e s u l t s  a r e  the  
most s t ra ightforward t o  compare s ince t h e  i r r a d i a t i o n  conditions can be 
con t ro l l ed  such t h a t  the  i n i t i a l  conditions of the model a r e  roughly 
approximated. The r e s u l t s  i n  Figs .  1 and 2 a r e  f o r  a d i s t r i b u t i o n  
which extends from t h e  i r r a d i a t e d  boundary to  1/2 t h e  thickness of the  
sample and f o r  var ious depths of t r a p  f i l l i n g .  
t r o n s  i s  approximately 1 /2  the thickness of 1/4 m i l  mylar and t h e  irra- 
d i a t i o n  w i l l  r e s u l t  i n  various depths of t r a p  f i l l i n g  assuming a steady- 
s t a t e  condi t ion is not achieved f o r  the t i m e s  used. This aspect  w i l l  
be considered i n  more d e t a i l .  

2 

3 
t -  

The accuracy i n  determining t h e  charge t r a n s f e r  beyond 10 

The range of 14 kev e lec-  

External cu r ren t  and charge t r a n s f e r  during space charge decay 
have a l s o  been computed f o r  t h e  s p a t i a l  extend of the  i n i t i a l  space 
charge region. However, the  depth of t r a p  f i l l i n g  was assumed t o  be 
t h e  same f o r  each i n i t i a l  d i s t r ibu t ion .  Since t h e  thermalized elec-  
t r o n  f l u x  rate and the  t i m e  required t o  reach s t eady- s t a t e  were unknown, 
da t a  wi th  these  i n i t i a l  conditions were not  obtained. However, t h e  
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Figure 23. External charge transfer during space charge decay 
obtained from Figure 22 by graphical integration. 
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. 
r e s u l t s  fo r  a cons tan t  primary e l ec t ron  f l u x  r a t e  a t  12 and 14  kev were 
obtained with t h e  ex terna l  cur ren t  data  shown i n  Fig.  24. The dot ted  
curve corresponds t o  d i s t r i b u t i o n  b i n  Fig.  3. The ex te rna l  charge 
t r ans fe r  r e s u l t i n g  from these  cu r ren t s  is  shown i n  Fig.  25. 

An important cons idera t ion  when comparing the  r e s u l t s  of t he  model 
and experiments i s  t h e  t i m e  required t o  reach s t eady- s t a t e  condi t ion 
i n  the i r r a d i a t e d  volume. An es t imate  of t h i s  time can be obtained 
from the considerat ions used t o  ob ta in  Fig.  18. 

Qtraps’Qflux 
The charge i n  t r aps  can only  be in fe r r ed  from the  model, therefore ,  a 
more meaningful concept experimentally is  t h e  r e l a t ionsh ip  of  , 

Qext’Qflux 
r a t e  and observing ex terna l  charge t r a n s f e r  f o r  var ious  i r r a d i a t i o n  
t i m e s  y ie lded  t h e  p l o t  shown i n  Fig.  26. These r e s u l t s  i nd ica t e  an 
i r r a d i a t i o n  time g r e a t e r  than 600 seconds r e s u l t s  i n  a s t eady- s t a t e  
condi t ion i n  the  i r r a d i a t e d  volume. 
quan t i t a t ive  r e s u l t s  from t h e  model a s  ou t l ined  i n  Appendix C, t h e  
s t eady- s t a t e  condi t ion should occur i n  approximately 100 seconds. 

The region where 
has a s lope  of l / t  represents  a s t eady- s t a t e  condi t ion.  

as a funct ion of  i r r a d i a t i o n  time. Using a constant  f l u x  

For t h e  parameters used t o  ob ta in  

S i l i con  monoxide f i lms  were inves t iga t ed  using charge build-up 
and re lease  techniques discussed i n  Appendix D. The s i l i c o n  monoxide 
was evaporated from an R. D. Mathis oven. The s u b s t r a t e  was .8-1.2R 
cm p-type s i l i c o n  wafer .9-1.1 inches i n  diameter and 15 t o  20 m i l s  
t h i ck .  The s u b s t r a t e  was r insed  i n  a lcohol  and deionized water before  
mounting i n  the  vacuum chamber p r i o r  t o  evaporation. S i0  was evaporated 
t o  var ious thicknesses  from 0.1 t o  5 microns and aluminum was evaporated 
over  t h e  S i0  f i lm t o  obta in  a capac i tor  s t r u c t u r e .  For S i0  f i lm  th ick-  
nesses  less than 2 microns t h e  low r e s i s t a n c e  of t he  sample (less than 

10 ohms) precluded charge r e l e a s e  measurements. Therefore,  t he  th i cke r  
f i lms  (- 4 microns) were used. The th ickness  w a s  estimated using t h e  
crystal-monitor technique and by an  o p t i c a l  in te r fe rometer  measurement. 

a s i l i c o n  s u b s t r a t e  and a 1000 A alum- 

7 

0 

Using a 4 micron S i 0  f i l m ,  
inum electrode,  i r r a d i a t i o n  techniques s i m i l a r  t o  those  used f o r  mylar 
were employed t o  inves t iga t e  charge build-up and space charge decay. 
The external  cu r ren t  and charge t r a n s f e r  depended upon primary e l ec t ron  
energy a s  shown i n  Figs .  27, 28 and 29. The a n a l y t i c a l  r e s u l t s  f o r  
d i s t r i b u t i o n  b i n  Figs .  4 and 5 a r e  shown as do t t ed  curves.  Range energy 
da ta  were not ava i l ab le  f o r  SiO, however, t h e  maximum charge t r a n s f e r  
a t  2 0  kev a s  compared t o  14 kev fo r  6 micron mylar i s  probably due t o  
t h e  f ac t  t h a t  t h e  dens i ty  of S i 0  is  approximately 4 t i m e s  t h a t  o f  mylar. 

External charge t r a n s f e r  da ta  f o r  var ious  i r r a d i a t i o n  times a r e  
shown in Fig.  30. Using a cons tan t  primary e l e c t r o n  f l u x  rate and t h e  
r e s u l t s  of Fig. 30, one can p l o t  Qe,t/Qflux as a func t ion  of i r r a d i a t i o n  

t i m e  as  shown i n  Fig.  31. These r e s u l t s  i n d i c a t e  t h a t  s t eady- s t a t e  i n  

the  i r r ad ia t ed  volume is achieved a f t e r  10 seconds. 3 

The concept of a s t eady- s t a t e  d i s t r i b u t i o n  of  trapped charge f o r  
a given f lux  ra te  was f u r t h e r  i nves t iga t ed  by i r r a d i a t i n g  var ious  
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Figure 27. External Current During Space Charge Decay (4 micron SiO). 
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147 thicknesses of mylar with the  Pm source. The thermalized e l e c t r o n  
f l u x  r a t e  during i r r a d i a t i o n  can be crudely approximated from 

I / I ~  = e-px 

where 111 
have passed through x cm of the  absorbing mater ia l  and 
apparent absorpt ion c o e f f i c i e n t  f o r  the  p a r t i c u l a r  spectrum. The 
apparent absorpt ion c o e f f i c i e n t  has been approximated by (Ref. 5 )  

is  t h e  f r a c t i o n  of the i n i t i a l  i n t e n s i t y  a f t e r  the p rays 
0 

(em-') i s  the 

17 
PIP = 1.14 

Em 

where p is t h e  ma te r i a l  dens i ty  and Emblev) is the maximum energy of 

the @-ray  spectrum. For Pm 

is 1.3 gm/cm which r e s u l t s  i n  12: 121 cm . For mylar fi lms with 
t h i n  aluminum e lec t rodes  

Em .223 Mev and the densi ty  of mylar 147 

3 -1 

- 0 . 3 ~  I/Io = e 

where x i s  i n  m i l s .  For t h i ck  aluminum f i l m s ,  I must be adjusted f o r  

the  stopping of be t a s  i n  the  electrodes.  For 1 / 2  m i l  aluminum, I must 
0 0  

be reduced by a f a c t o r  of 2. However, for  these experiments, 1000 A 
t h i ck  aluminum electrodes were used and the primary e l ec t ron  f l u x  is  not 
g r e a t l y  a f f e c t e d  before i n t e r a c t i n g  with the mylar. Measured f l u x  r a t e  

values f o r  the  Pm147 source a r e  approximately 10 

0 

9 2 e/cm see.  

The experimental arrangement f o r  Pm147 i r r a d i a t i o n s  is  shown i n  
Fig. 37. An added f e a t u r e  f o r  the  space charge decay measurements w a s  
a s h u t t e r  t o  s h i e l d  t h e  sample from the  beam. 

incomplete sh i e ld ing  w a s  l e s s  than 10 

Leakage cu r ren t  due t o  - 1 2  2 
amps/cm . 

For 1 / 4  and 1 m i l  mylar fi lms and i r r a d i a t i o n  times from 30 t o  
7200 seconds, ex te rna l  charge t r a n s f e r  could not be detected a f t e r  
sh i e ld ing  t h e  sample from t h e  source. This i nd ica t e s  t h a t  e i t h e r  the  
trapped charge densi ty  is  too small t o  r e s u l t  i n  an ex te rna l  charge 
t r a n s f e r  above the  s e n s i t i v i t y  of the  measurement o r  the  s p a t i a l  d i s t r i -  
but ion is spprox iaa t e ly  uniform throughout the  sample. 

absorp t ion  c o e f f i c i e n t  I 1 2 1  em-', the  l a t t e r  explanation appears more 
reasonable.  
t h e  model p r e d i c t s  the  s p a t i a l  charge d i s t r i b u t i o n  shown i n  Fig. 32. 
There i s  n e g l i g i b l e  ex te rna l  charge t r a n s f e r  associated with the  decay 
o f  t h e s e  spatial  d i s t r i b u t i o n s  which is  cons i s t en t  with the  experimental 
work. 

Using the  apparent 

For a t h e m i  e l ec t ron  f l u x  r a t e  determined by Eq. (24), 
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For 10.0 m i l  mylar, var ious i r r a d i a t i o n  t i m e s  r e su l t ed  i n  t h e  ex- 
The increas ing  cu r ren t  a s  t h e  irra- t e r n a l  cu r ren t s  shown i n  F ig .  33. 

d i a t i o n  t i m e  is extended ind ica t e s  t h a t  a s t eady- s t a t e  space charge 
3 d i s t r i b u t i o n  was not  obtained f o r  i r r a d i a t i o n  times up t o  7.2 x 10 

seconds. Figure 21 ind ica t e s  t h a t  s t eady- s t a t e  should be achieved i n  

approximately 10 seconds. Another aspect of  t h e  da ta  i n  F ig .  33 should 
be noted. 
of  mylar i r r a d i a t e d  a t  lower energies .  This is i n t e r p r e t e d  as r e s u l t i n g  
from a predominance of re t rapping  o f  t h e  charge c a r r i e r s  during space 
charge decay. 

4 

The cu r ren t  decays less r ap id ly  than f o r  t h e  th inner  samples 

DISCUSSION 

The t r anspor t  model used t o  compute the  build-up and decay of  space 
charge r e s u l t i n g  from e lec t ron  i r r a d i a t i o n  agrees  reasonably w e l l  wi th  
t h e  experimental  da ta  f o r  mylar. From t h e  present  comparisons between 
a n a l y t i c a l  and experimental r e s u l t s ,  it is an t i c ipa t ed  t h a t  t he  param- 
e t e r s  described i n  Appendix C should be ad jus ted  i n  a manner t o  f i t  t he  
model t o  t h e  behavior observed experimentally.  
must be t h e  following: 

The major considerat ions 

(1) Using a va lue  of  c /Ln = 1.7, t h e  model p red ic t s  an  ex terna l  n T  
cu r ren t  during t h e  i n i t i a l  por t ion  of  space charge decay which is low 
by approximately a f a c t o r  of 2 i n  Fig.  22. 

(2) The i r r a d i a t i o n  t i m e  t o  achieve a s t eady- s t a t e  condi t ion i n  
t h e  i r r a d i a t e d  volume in fe r r ed  from Fig. 26 appears t o  take longer than 
t h e  model p red ic t s .  

(3) The maximum r a t i o  of  t h e  t o t a l  ex te rna l  charge t r a n s f e r  t o  the  
t o t a l  inc ident  f l u x  approaches a value of approximately 1 percent .  

To provide a more reasonable f i t  f o r  ex te rna l  cur ren t  during i n i t i a l  
space charge decay, t h e  value o f  Addit ional  n T  
evidence is presented i n  Appendix C which ind ica t e s  t h a t  znfiT/in 5 . 6 .  

However, t h i s  is i n  t h e  wrong d i r ec t ion  t o  br ing  (2) and (3) i n t o  b e t t e r  
agreement. Since these  aspec ts  of the model r e s u l t  from complete decay 
of  space charge, i t  is poss ib le  t h a t  t he  measurement of t o t a l  ex te rna l  
charge t r a n s f e r  was not  obtained over a long enough t i m e  i n t e rva l .  An 
a l t e r n a t i v e  explanat ion is t h a t  one should not  use t h e  abrupt  d i s t r i b u t i o n s  
o f  t rapped charge shown i n  F igs .  1 and 3. 
f o r  f i t t i n g  t h e  model t o  t h e  experimental da t a  would be t o  compute t h e  
i n i t i a l  d i s t r i b u t i o n  of trapped charge using t h e  space charge build-up 
from a genera t ing  funct ion which bes t  descr ibes  the  thermal e l ec t ron  f lux .  
From t h e  r e s u l t s  shown i n  Fig. 14, i t  is obvious t h a t  one would observe 
a smaller r a t i o  f o r  t h e  t o t a l  external  charge t r a n s f e r  t o  t h e  t o t a l  in -  
c i d e n t  f lux .  

w /in must be increased. 

A more reasonable  approach 
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There is another important f e a t u r e  of the charge build-ilp vhich 
should be noted. It w a s  recognized i n  Appendix D t h a t  a uniform d i s -  
t r i b u t i o n  of space charge could l o g i c a l l y  explain the  ex te rna l  charge 
t r a n s f e r  a s  a funct ion of primary i r r a d i a t i o n  e l e c t r o n  energy. The 
con t r ibu t ion  from secondary e l ec t rons  from the  aluminum e lec t rode  w a s  
considered a s  a reasonable explanation as t o  how the uniform d i s t r i b u -  
t i o n  might r e s u l t  from monoenergetic e l ec t ron  i r r a d i a t i o n s .  However, 
the r e s u l t s  shown i n  Fig. 16 i n d i c a t e  t h a t  the  t r anspor t  and t rapping 
of charge during i r r a d i a t i o n  may a l s o  r e s u l t  i n  approximately a uni- 
formly d i s t r i b u t e d  space charge from the i r r a d i a t e d  boundary t o  t h e  
p r a c t i c a l  range of the  i r r a d i a t i o n  e l ec t rons .  
t r a n s f e r  during space charge decay will have many of the c h a r a c t e r i s t i c s  
of those shown i n  Fig.  17. These r e s u l t s  compliment the  r o l e  of 
secondary e l e c t r o n s  i n  space charge build-up when t h e  primary e l ec t ron  
f l u x  r a t e  c o n s t i t u t e s  the  majori ty  of the thermal e l e c t r o n  f l u x  r a t e .  

The ex te rna l  charge 

The r e s u l t s  of the  a n a l y t i c a l  model do not agree e i t h e r  quan t i t a -  
t i v e  o r  q u a l i t a t i v e l y  wi th  t h e  experimental r e s u l t s  f o r  SiO. 
not too s u r p r i s i n g  s ince  t h e r e  has been no e f f o r t  t o  a d j u s t  the param- 
e t e r s  t o  descr ibe SiO. 
the  value of the  parameters necessary to  use i n  the t r anspor t  model. 
The main f e a t u r e  of t h e  experimental work is t h a t  f o r  a given i r r a d i a t i o n  
condi t ion Si0 r e s u l t s  i n  more ex te rna l  charge t r a n s f e r  than mylar. 

This is 

The main d i f f i c u l t y  has been i n  determining 
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SPONTANEOUS DISCHARGE 

The purpose of this investigation is to develop an understanding 
of spontaneous discharge associated with electron irradiations and to 
determine whether testing techniques are conducive to structure pulsing 
for capacitor-type micrometeoroid detectors. The experiments were 
centered around detection of spontaneous discharges from capacitor 

structures irradiated with monoenergetic electrons and a Pm source. 
The monoenergetic irradiations were performed at Ling-Temco-Vought (LTV) 
and Langley Research Center (LRC) with emphasis on spontaneous discharge 
rate with respect to the irradiating flux density, irradiated electrode 

thickness, and capacitor temperature. The irradiations with the Pm 
source were carried out at the Research Triangle Institute (RTI) with 
a flux of approximately 2 . 2  x 10 e/cm -sec. 

147 

147 

9 2 

MEASURENENT TECHNIQUES 

The circuit used to detect the spontaneous discharge from the 
capacitors irradiated in the electron accelerator is shown in Fig. 34. 
The RC network was inserted to provide a dc path to ground and prevent 
saturation of the electrometer. The values of the RC network were 
selected so that the input impedance to the electrometer and the 
capacitor detector determined the time constant of the discharge pulse. 
The RC network was only used in the electron accelerator experiments. 
To provide continuous monitoring the electrometer output was connected 
to a strip chart recorder. The 200 cycle per second pass band of the 
recorder placed a limitation on the time constant of the discharge 
event with minimum distortion of the pulse characteristics. 
citance of the irradiated capacitor was typically 10 nanofarads and the 
input impedance to the electrometer lo7 ohms which results in a time 
constant of 0.1 seconds. The stray and lead capacitance was always less 
than 100 picofarads. 

The capa- 

The accuracy of the measuring circuit was determined 

Figure 34. Block diagram for detecting spontaneous discharge. 
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using a comnercial capac i tor  t he  same value a s  t h e  capac i tor  s t r u c t u r e  
t o  be i r r a d i a t e d .  The connnercial capac i tor  was charged with var ious  
vol tages  and discharged through t h e  RC network and t h e  input  r e s i s t a n c e  
of t he  electrometer .  By ad jus t ing  t h e  input  r e s i s t a n c e  of t h e  e lec-  
trometer d i f f e r e n t  values  of  t he  decay t i m e  constant  f o r  t h e  recorded 
pulses  were obtained. Using these  various time cons tan ts  and vol tages ,  
the  amplitude of t h e  recorded pulses  were compared t o  the  i n i t i a l  vo l tage  
across  the  capac i tor .  The d i f f e rence  was less than 5 percent .  The 
c h a r a c t e r i s t i c s  of the  discharge pulse  obtained a t  t h e  recorder  output  
provides a d i scr imina t ion  technique whereby only those pulses  with 
the  proper decay t i m e  constant  a r e  counted. Other dis turbances which 
may occur due t o  power l i n e  f luc tua t ions ,  induct ion motor s t a r t - u p  o r  
o the r  sources t y p i c a l l y  r e s u l t  i n  shor te r  t i m e  constants  and can be cor- 
r e l a t e d  wi th  t h e  sources ind ica ted  with one exception t h a t  being acce l -  
e r a t o r  beam s t a b i l i t y .  Pulses  g rea t e r  than 50 m i l l i v o l t s  can be e a s i l y  
de tec ted  using t h i s  technique. The lower l i m i t  was determined by t h e  
s t a b i l i t y  of t h e  cur ren t  suppl ied by the acce le ra to r .  Slowly varying 
f l u c t u a t i m e  developed  approximately 50 m i l l i v o l t s  across  t h e  electrometer  
input  impedance. 

An a l t e r n a t e  technique of  pulse  recording was attempted with a 
multichannel pulse  he ight  analyzer  and appropr ia te  ampl i f ie r  c i r c u i t s .  
An osc i l loscope  w a s  used simultaneously t o  observe pulse  c h a r a c t e r i s t i c s .  
It was observed t h a t  small beam va r i a t ions  would be recorded i n  t h e  
multichannel analyzer .  The small changes i n  t h e  i r r a d i a t i o n  beam were 
found t o  occur due t o  power l i n e  f luc tua t ions  caused by welding equip- 
ment o r  o the r  similar devices.  .Noise background necess i t a t ed  a 100 
m i l l i v o l t  d i scr imina t ion  l eve l  and prevented i t s  use f o r  de tec t ing  
small amplitude pulses .  Therefore, the  electrometer  and s t r i p  cha r t  
recorder  were used f o r  recording pulses from the  i r r a d i a t e d  sensors .  

EXPERIMENTAL ARRANGEMENTS 

The experimental arrangement a t  the acce le ra to r  f a c i l i t y  i s  shown 
i n  F ig .  35. For t h i s  experiment, a homogeneous beam of e l ec t rons  was 
des i r ed .  This w a s  accomplished by allowing t h e  primary e l ec t ron  beam 
from t h e  acce le ra to r  t o  pass through a gold f o i l  d i f f u s e r  about s i x  
f e e t  i n  f r o n t  of t he  chamber aper ture .  A t h i n  s c a t t e r i n g  f o i l  must be 
used and t h e  permissible  thickness  of t he  f o i l  depends upon the  primary 
e l e c t r o n  energy one desires t o  use.  
energ ies  g r e a t e r  than 50 kev. 

A uniform beam was obtained f o r  

The i n t e n s i t y  of t he  beam w a s  measured with two Faraday cups con- 
For an i r r a d i a t i o n  f l u x  r a t e  nected t o  a p a i r  o f  cur ren t  in tegra tors .  

2 o f  10" t o  e/cm -sec, t h e  r ep roduc ib i l i t y  i n  the  measurement of t h e  
e l e c t r o n  f l u x  was about 2 percent .  
were connected t o  t h e  a l t e r n a t e  channel o f  t h e  s t r i p  cha r t  recorder  used 
t o  d e t e c t  t h e  discharge events .  Pulses from the  capac i tor  s t r u c t u r e  
c r e a t e d  by v a r i a t i o n s  i n  t h e  e l ec t ron  f l u x  a t t r i b u t e d  t o  extraneous e f f e c t s  
could be observed simultaneously with those pulses  from the  Faraday cups. 

The ou tputs  of the  cur ren t  i n t e g r a t o r s  
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The aluminum tes t  chamber w a s  approximately a 1 2  inch cube w i t ! ,  
po r t s  en te r ing  four s i d e s .  The beam entrance p o r t  was approximately 
4 inches i n  diameter, while  t he  opposite cube face  was about 8 inches 
i n  diameter and provided an access  t o  the chamber f o r  mounting the  
capac i to r  s t r u c t u r e s .  The t h i r d  p o r t  was connected t o  a 6 inch vacuum 

pump. During t h e  i r r a d i a t i o n s ,  t he  vacuum was a t  least  10 t o r r .  
The fourth po r t  shown i n  d e t a i l  i n  Fig. 36 w a s  used t o  provide cooling 
and act  as a support  fo r  t h e  capaci tor  s t r u c t u r e .  Since data  were de- 
s i r e d  a t  temperatures colder  than ambient temperature, a system f o r  
flowing l i q u i d  n i t rogen  through the  detector  support was used. This 
device constructed of brass  and a phenolic thermal i n s u l a t o r  with both 
neoprene and lead gaskets  made i t  possible  t o  cool t h e  capaci tor  de- 
t e c t o r  t o  about -160°C without a f f e c t i n g  t h e  s e a l s  of t he  vacuum system. 
The phenolic thermal i n s u l a t o r  on t h e  l i q u i d  n i t rogen  po r t  w a s  shielded 
by a sheet  of lead t o  prevent s ca t t e r ed  e l ec t rons  from charging i t .  
A l l  o the r  i n s u l a t o r s  such a s  feedthroughs were shielded very c a r e f u l l y  
t o  e l iminate  charging e f f e c t s .  N o  i n su la t ion  was used on any leads  i n  
t h e  chamber during i r r a d i a t i o n s .  
shielded from the  gold d i f f u s e r  t o  t h e  entrance po r t  t o  enhance repro- 
d u c i b i l i t y  of t he  beam c h a r a c t e r i s t i c s .  A carbon r ing  with a 1 / 2  inch 
hole  w a s  placed before the  gold d i f f u s e r  t o  reduce the  p o s s i b i l i t y  of 
any e l ec t rons  escaping between t h e  w a l l  and the  d i f f u s e r .  About t h ree  
f e e t  f a r t h e r  down t h e  tube, a 3.5 inch i n s i d e  diameter lead r i n g  w a s  
used t o  reduce the  e l e c t r o n  f lux  t h a t  would be s c a t t e r e d  from the  tube 
wal l .  

-5 

The beam tube was magrirtically 

During the  i r r a d i a t i o n s ,  t he  desired temperature w a s  obtained 
using a l i q u i d  ni t rogen control  system, based on maintaining a pre- 
s c r ibed  p o t e n t i a l  ac ross  a copper-constantan thermocouple which w a s  used 
t o  measure the  capac i to r  s t r u c t u r e  temperature. The temperature was 
monitored by reading t h e  po ten t i a l  developed by two copper-constantan 
junct ions.  One junct ion was imnersed i n  an  ice water bath, while t he  
o the r  w a s  thermally connected t o  the  sensor support .  The p o t e n t i a l  was 
read on a vacuum tube voltmeter placed i n  the  copper l i n e  of t he  thermo- 
couple leads.  The l i q u i d  ni t rogen control  c i r c u i t r y  obtained i t s  s i g n a l  
from t h e  output of a vacuum tube voltmeter.  

RTI - 
The apparatus  a s soc ia t ed  with the  de t ec t ion  of spontaneous discharge 

from t h e  capac i to r  s t r u c t u r e s  exposed t o  Pm147 source i s  shown i n  Fig. 37. 
The i r r a d i a t i o n  chamber was a 6 inch glass assembly with two por ts .  One 
w a s  a t t ached  t o  an  o i l  d i f fus ion  pump while t h e  o the r  was used f o r  access 

t o  samples. The i r r a d i a t e d  area of the sample was 9.6 cm . The i r r a d i -  
a t e d  samples were connected t o  the  electrometer f o r  monitoring. Only 
those pulses with t h e  proper t i m e  constant were counted as a discharge 
event.  

2 
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The capacitor structures irradiated were mounted within a chamber 
76 cm high, 7.6 cm wide, and 30 cm deep. The irradiation chamber was 
independently evacuated and contained a cold bucket which could be 
filled with liquid nitrogen to control the temperature of the samples 
being tested. During the tests, the irradiation chamber vacuum ranged 

between 10 torr depending upon the temperature of the 
cold bucket. 

-5 -7 torr and 10 

The electrons from the accelerator passed through an evacuated 
beam-handling tube to the irradiation chamber. Upon entering the 
beam-tube, the beam of electrons was widened horizontally to approxi- 
mately the chamber width of 7.6 cm by a quadrupole magnetic lens. Next, 
the electrons traveled through the field of two electromagnets that 
were driven by a triangular wave. The beam was scanned vertically at 
the rate of approximately 10 cycles per second in a fan-shaped scan 
horn before entering the irradiation chamber. In order to reduce back 
scattering, an aluminum shield with a rectangular aperture 5 cm wide 
and 12 cm high was placed approximately 10 cm in front of the test 
sample. The shield greatly reduced scattering of electrons and current 
on the bare signal leads. The beam current density was monitored by an 
aluminum plate with a circular area of 1 square cm imbedded in a carbon 
block adjacent to the sample. A bare lead was used within the chamber 
to connect this plate to a shielded feedthrough. The current collected 
by this plate was fed to an integrating electrometer. 

EXPERIMENTAL OBSERVATIONS 

Capacitor structures supplied by Langley Research Center with 1/4 
mil mylar dielectric; 0.1 mil, 0.5 mil and 1.0 mil aluminum front elec- 
trodes and evaporated back electrodes were irradiated with the Pm 

beta source. Irradiations in the Pm source were carried out at 27°C 
and -140OC with and without bias applied to the capacitor. 
diation period was for 48 hours yielding an integrated flux of approxi- 
mately 1014 e/cm . 
than 0.01 volts. The discrimination level was always in excess of 0.001 
volts. A total of six capacitors were irradiated for 2421 hours with 
the Prn147 beta source. Pulses of the order of 10 millivolts were detected 
with one exception. For one of the capacitors with 1.0 mil aluminum front 
electrode, regular pulsing was observed with a maximum amplitude of 
approximately 500 millivolts. The detector was cooled and the pulsing 
ceased. After removal from the irradiation chamber, it was noted that 
the back aluminum electrode had eroded under the contact area. This 
suggests that the pulsing was connected with the behavior of the con- 
tact region. This was the first observation of this particular behavior 
and reemphasizes the need for non-insulating contacts to the sensor. 

147 

147 
Each irra- 

2 A few pulses were observed, however none were greater 

A group of six sensors which were supplied by Langley Research Center 
were irradiated in the LTV accelerator after qualification tests in the 
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Pm147 beta  source. 
increments of 25 kev from 50 kev t o  300 kev with t h e  sensor temperature 

27°C and -140°C. 

e l ec t ron  f l u x  r a t e  of 9.4 x 10" e/cm2-sec y i e ld ing  an in t eg ra t ed  f l u x  

of approximately e/cm2. The sensors wi th  0.1 m i l  f ron t  e l ec t rode  
were t e s t e d  under the  above conditions with two exceptions, the tem- 
perature  of -140°C and energies  g r e a t e r  than 150 kev were not used. 
Electron energy, e l ec t rode  thickness,  temperature, and e l ec t ron  f l u x  
r a t e  w a s  var ied wi th in  the  above l i m i t s  and no pulsing was observed 
with amplitudes i n  excess of the  discr iminat ion l e v e l  of  0.050 v o l t s .  

The i r r a d i a t i o n s  were c a r r i e d  out  using energy 

Each i r r a d i a t i o n  period w a s  lo3 seconds with an 

A 1 / 4  m i l  mylar sample with two evaporated electrodes was i r r a d i -  

Ten pulses were observed with a maximum 
a t e d  by the  Pm147 be t a  source f o r  a period of 166 hours through 0.5 
m i l  aluminum s c a t t e r i n g  f o i l .  
amplitude of 80 m i l l i v o l t s  a t  -14OOC. For the  pulsing time, the  data 

1 2  2 yielded a value of 10 e/cm -pulse.  The sample was warmed t o  27°C and 
the puls ing ceased. 
e l e c t r o n s  from t h e  LTV acce le ra to r  through a 0.5 m i l  aluminum foil 
with i r r a d i a t i o n  e l e c t r o n  energies between 50 kev and 200 kev. 
puls ing w a s  observed a t  27OC. 
m i l l i v o l t s .  
wel l  as f l u x  rate with the i n t e r v a l  decreasing for  increasing f l u x  
rate o r  energy. Puls ing disappeared as t h e  sample was cooled. I f  t h e  
sample w a s  warmed t o  27°C i n  the evacuated chamber one could not ob ta in  
the  r egu la r  pulsing again.  I f  t h e  sample w a s  exposed t o  room ambients 
and then the  chamber evacuated, the  s a m p l e  would resume pulsing. It 
w a s  recognized e a r l y  i n  the i r r a d i a t i o n s  t h a t  when bare i n s u l a t o r s  were 
exposed t o  t h e  e l e c t r o n  f lux ,  one could o b t a i n  a s u b s t a n t i a l  su r f ace  
charge which could r e s u l t  i n  a discharge. The exposed surface of the  
mylar w a s  painted wi th  s i l v e r  pa in t  within 1/16 inch of the  edge and 
i r r a d i a t e d  under a v a r i e t y  of conditions.  The regular  pulsing as prev- 
ious ly  observed could not be induced; however, approximately ten  pulses  
with the  l a r g e s t  about 0.1 v o l t s  were observed i n t e r m i t t e n t l y  f o r  50 kev 

The same sample was i r r a d i a t e d  with monoenergetic 

Regular 
The pulse he igh t  was t y p i c a l l y  200 

The time i n t e r v a l  between pulses depended upon energy as 

e l ec t rons  and an e l ec t ron  f l u x  of 3.7 x 10" e/cm2-sec which yielded a 

value o f  3.3 x 1013 e/cm -pulse.  
t h e  s a m e  e l e c t r o n  f l u x  and f i v e  pulses  l e s s  than 0.050 v o l t s  were re -  

2 The energy was increased t o  75 kev a t  

2 
corded which yielded 4.4 x 1013 e/cm 
regu la r  pulsing observed before the paint ing of the  exposed edges a s  a 
su r face  e f f e c t  and t h e  pulsing observed a f t e r  paint ing the  edges as 

spontaneous discharge events s imi l a r  t o  those observed for  the  Pm 
i r r a d i a t i o n s .  

pulse. One would i n t e r p r e t  t h e  

147 

A s e r i e s  of i r r a d i a t i o n s  on the sensors were made with the f l u x  

For energies  g r e a t e r  than 175 kev 2 r a t e  i n  excess of  1 O I 2  e/cm -sec. 
and temperatures ambient o r  cooler pulsing w a s  induced f o r  1.0 m i l  
aluminum e lec t rodes .  
i nc reas ing  f l u x  rate as shown i n  Fig. 38. The pulses observed were neg- 
a t i v e  on the  i r r a d i a t e d  e l ec t rode  with respect t o  the back e l ec t rode  and 

The pulse  r a t e  appeared t o  increase r ap id ly  wi th  
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appeared t o  
the  sensors  
become very 

have approximately t h e  same amplitude. 
a t  higher  f l u x  r a t e s ,  t he  vol tage ac ross  the  capac i tor  would 
errat ic  a f t e r  severa l  i r r a d i a t i o n s  and prevent f u r t h e r  

Upon i r r a d i a t i n g  

measurements. None of t he  capac i tors  t e s t e d  exhib i ted  these  e r r a t i c  

behaviors u n t i l  i t  had been i r r a d i a t e d  fo r  approximately 10 seconds. 
The capac i tors  exposed t o  the  minimum f lux  requi red  t o  induce puls ing 
showed no degradation upon completion of t h e  i r r a d i a t i o n  per iods.  

4 

The sensors  were a l s o  i r r a d i a t e d  a t  var ious  temperatures from 40°C 
t o  -150°C and the  i n t e r v a l  between pulses decreased with decreasing 
temperature f o r  each sample t e s t ed .  Using an e l ec t ron  f l u x  ra te  of  

4.0 x 10l2 e/cm2-sec and 200 kev e lec t rons ,  t h e  pulse  r a t e  approximately 
doubled when going from 40°C t o  -150°C. 

The pulse  ra te  was a l s o  invest igated as a funct ion of i r r a d i a t i o n  
2 e lec t ron  energy f o r  an  e l ec t ron  f lux  r a t e  of 4.0 x 10 l2  e/cm -sec. 

The pulse  ra te  increased with increasing energy up t o  approximately 
250 kev when t h e  maximum pulse  r a t e  occurred and then decreased with 
increas ing  energy as shown i n  Fig.  39. 
d i scr imina t ion  level of 8.4 v o l t s  were observed f o r  e l ec t ron  energ ies  
less than 175 kev. 

No pulses  g r e a t e r  than t h e  

12 2 For  e l ec t ron  f l u x  rates exceeding 2.0 x 10 e/cm -sec,  t h e  pulse  

The average pulse  amplitude 
amplitude w a s  i nves t iga t ed  using e lec t ron  energ ies  i n  excess of 175 
kev and temperatures from 40°C t o  -150°C. 
w a s  90 v o l t s  with t h e  exception of  one sample which had an average 
pulse  he ight  of 120 v o l t s  under the  same condi t ions.  
tude d i s t r i b u t i o n  i s  shown i n  Fig.  40 including t h e  one sample t h a t  
had t h e  high pu l se  he ight  average. 

This pu lse  a m p l i -  

A few l imi t ed  i r r a d i a t i o n s  were made on capac i tors  u t i l i z i n g  
s i l i c o n  oxides as t h e  d i e l e c t r i c .  
150 kev i n  approximately 25 kev increments and d i d  not  pulse.  

f l u x  ra te  was approximately 10l1 e/cm -sec with an  in t eg ra t ed  f l u x  of 

1014 e/cm2 f o r  each of t he  13 i r r a d i a t i o n s .  
c a r r i e d  ou t  f o r  temperatures between -130" C and -160" C. 

They were t e s t e d  from 50 kev t o  
The 

2 

Five of t h e  runs were 

Monoenergetic i r r a d i a t i o n s  were performed a t  Langley Research 
A group of sensors  Center using an  acce le ra to r  with a swept beam. 

which were suppl ied  by Langley Research Center with 1 / 4  m i l  d i e l e c t r i c ;  
0.5 m i l  and 1.0 m i l  aluminum f ront  e lec t rodes  and evaporated back 
e l ec t rodes  were i r r a d i a t e d  i n  t h e  s w e p t  beam acce le ra to r  a f t e r  previous 
t e s t i n g  a t  Ling-Tmco-Vought with a monoenergetic s t a t i o n a r y  beam and 

a t  Research Tr iangle  I n s t i t u t e  using a Pm147 be ta  source. The s w e p t  
beam i r r a d i a t i o n s  were carried out  using energy increments of 50 kev 
from 50 kev t o  200 kev a t  27°C and -140°C. 

w a s  10 

y i e l d i n g  an  in t eg ra t ed  f l u x  c f  spproximately 1014 e/cm . 
Each i r r a d i a t i o n  period 

3 2 seconds wi th  an  e l ec t ron  f l u x  rate of 9.4 x l o l o  e/cm -sec 
2 Ten pulses  
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were observed with amplitudes less than 350 m i l l i v o l t s  with a discrim- 
ina t ion  l e v e l  of 60 m i l l i v o l t s .  

A sample of  1.0 m i l  GT-201 adhesive manufactured by G .  T. Schje ldahl  
Company with two evaporated aluminum e lec t rodes  w a s  i r r a d i a t e d  by t h e  

Pm147 beta  source fo r  a per iod of 60 hours with 0.5 m i l  aluminum scat- 
t e r ing  f o i l .  The sample w a s  i r r a d i a t e d  45 hours a t  27°C and 15 hours 
a t  -140°C and no puls ing  was observed with a d i scr imina t ion  l e v e l  of 
50 m i l l i v o l t s .  
aluminum e lec t rodes  was i r r a d i a t e d  with monoenergetic e l ec t rons  from 
the  LRC acce le ra to r  using a s w e p t  beam of  e l ec t rons  through a 0.5 m i l  
aluminum s c a t t e r i n g  f o i l  with energies  between 50 kev and 200 kev using 
energy increments of 50 kev. The sample w a s  i r r a d i a t e d  a t  27°C and 

-140°C with each i r r a d i a t i o n  period o f  lo3 seconds and an e l ec t ron  f l u x  

ra te  of 9.4 x 10" e/cm2-sec y ie ld ing  an in t eg ra t ed  f l u x  of approximately 

1014 e/cm2. 
discr iminat ion l e v e l  of  200 m i l l i v o l t s ,  The small capaci tance of t h e  
1.0 m i l  adhesive sample w a s  respons ib le  f o r  t h e  l a r g e r  d i scr imina t ion  
l e v e l  because o f  t he  increased input  impedance t o  t h e  e lec t rometer  t o  
obta in  a t i m e  constant  w i th in  200 cyc le  bandwidth of t h e  s t r i p  cha r t  
recorder.  

The same adhesive sample prepared with evaporated 

No puls ing was observed from the  adhesive sample with a 

The i n t e n s i t y  e f f e c t  observed a t  Ling-Temco-Vought using a s t a -  
2 t ionary  beam with an  e l ec t ron  f l u x  ra te  i n  excess of 1 O I 2  e/cm -sec 

was inves t iga ted  using t h e  acce le ra to r  with t h e  swept  beam. S e n s i t i v i t y  
of the monitoring equipment was reduced because of t h e  t i m e  varying 
vol tage ac ross  t h e  capac i tor  a s  a r e s u l t  o f  sweeping t h e  beam. The 
vol tage ac ross  the  capac i tor  a l s o  increased with h igher  beam i n t e n s i -  
t ies  and thereby increas ing  the  d iscr imina t ion  level t o  1.2 v o l t s .  

A series of i r r a d i a t i o n s  were made on capac i to r  s t r u c t u r e s  wi th  
1.0 m i l  aluminum e lec t rodes  f o r  energ ies  of  150 kev t o  225 kev i n  25 kev 
increments of energy. 

f o r  an e l ec t ron  f l u x  ra te  of 4.0 x 10 l2  e/cm -sec.  
observed, however, t h e  l i m i t e d  number of pu lses  does no t  p e r m i t  one 
t o  i n f e r  a dependence on energy, temperature,  and f l u x  r a t e .  The 
l a r g e  amplitude pulses  observed a t  Ling-Temco-Vought could not  be in-  
duced i n  the  s t r u c t u r e s  t e s t e d  with a swept beam, however, a few 
pulses  with amplitudes less than 5 v o l t s  were observed a t  t h e  high beam 
current  i n t e n s i t i e s .  I n  a f u r t h e r  a t t e m p t  t o  enhance puls ing  a 16.0 m i l  
aluminum back-up p l a t e  was i n s t a l l e d  d i r e c t l y  behind t h e  capac i tor  
s t ruc tu re ,  however, t h e  d iscr imina t ion  level increased t o  2.0 v o l t s  and 
no puls ing w a s  observed e i t h e r  a t  27°C o r  -140°C. 

The pulse  ra te  w a s  i nves t iga t ed  a t  27°C and -150°C 
2 A few pulses  were 

DISCUSS I O N  

The r e s u l t s  obtained from t h e  i r r a d i a t i o n  of  capac i to r  s t r u c t u r e s  
a t  RTI, LTV and LRC i n d i c a t e  t h a t  t h e  experimental  techniques a s soc ia t ed  
with the i r r a d i a t i o n  inf luences  t h e  c h a r a c t e r i s t i c s  of t h e  spontaneous 
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discharge events. The r e s u l t s  discussed have been e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y  a t t r i b u t e d  t o  the r a t e  of charge build-up i n  t h e  mylar due 
to  the  t rapping of thermalized primary and secondary e l ec t rons .  
fore,  t h e  spontaneous discharge c h a r a c t e r i s t i c s  should be r e l a t e d  t o  t h e  
charge s to rage  model discussed i n  Section 11. Using t h i s  model, one can 
provide a phenomenological desc r ip t ion  a s  t o  how the  r a t e  of space 
charge build-up inf luences t h e  spontaneous discharge events. 
t i n e n t  a spec t s  of t h e  model a r e  included i n  Figs.  20 and 21. 
given f l u x  r a t e  of thermal e l ec t rons  @ the  s t e a d y - s t a t e  value of 
trapped charge assumed t o  be uniformly d i s t r i b u t e d  throughout the  ir- 
rad ia t ed  volume is shown i n  Fig. 20 for  var ious mob i l i t y  values.  The 
approximate i r r a d i a t i o n  time required to achieve s t e a d y - s t a t e  is shown 
i n  Fig. 21. 

There- 

The per- 
For a 

Although a f l u x  rate dependence has been observed, the  f l u x  r a t e s  
i n  Figs.  20 and 21 p e r t a i n  t o  thermalized e l ec t rons  and a q u a n t i t a t i v e  
r e l a t i o n s h i p  between the  primary i r r a d i a t i o n  f l u x  and the  thermalized 
f l u x  is not ava i l ab le .  
spontaneous discharge c h a r a c t e r i s t i c s  r equ i r e s  an assumption a s  t o  t h i s  
r e l a t ionsh ip .  
c l o s e l y  wi th  secondary e l ec t ron  processes than with the  stopping of 

primaries.  The secondary y i e l d  from 5.2 mg/cm aluminum t a r g e t  e lec-  
t rodes is approximately 4 percent i n  t h i s  energy range (Ref. 7 ) .  
Secondary y i e l d  from thinner  aluminum f i l m s  a t  lower energies  range up 
t o  50 percent (Ref. 8 ) .  Therefore, a reasonable assumption f o r  a thermal 
e l e c t r o n  f l u x  r a t e  appears t o  be approximately 10 percent of t h e  primary 
f l u x  r a t e .  

To use t h e  r e s u l t s  of the model t o  i n t e r p r e t  

The pulse rate dependence on energy c o r r e l a t e s  more 

2 

For the samples i r r a d i a t e d  by a l l  t h r e e  methods, t h e  in t eg ra t ed  
2 f l u x  f o r  each i r r a d i a t i o n  period w a s  at least  1014 e/cm , however, the  

f l u x  r a t e s  were 2.2 x 10 e/cm -sec a t  RTI  and 9.4 x l o l o  e/cm -sec a t  

LTV and LRC. 
t h e  o rde r  of 10 mv. 
i n  excess of  t h e  discr iminat ion l e v e l  of 50 mv were detected.  For t h e  
swept  beam i r r a d i a t i o n s  a t  LRC, 10 pulses were detected with an average 
pu l se  he igh t  of approximately 100 mv and a maximum pulse he igh t  of 350 mv. 
The discr iminat ion l e v e l  was 60 mv. Since t h e  discr iminat ion l e v e l s  a t  
LTV and LRC were too high t o  detect  10 mv pulses,  the data  a t  RTI  must 
be disregarded when attempting t o  compare the  r e s u l t s  of the t h r e e  
techniques.  Therefore, the major d i f f e rence  noted f o r  t h e  low i n t e n s i t y  
i r r a d i a t i o n s  was the  pulses obtained a t  LRC. 

9 2 2 

The Pm147 i r r a d i a t i o n s  a t  RTI  r e s u l t e d  i n  a few pulses  
Using the  diffused beam technique a t  LTV, no p u l s e s  

9 2 For a thermal e l ec t ron  f l u x  r a t e  of 9.4 x 10 e/cm -see the  steady- 

s ta te  trapped e l e c t r o n  densi ty  is nt  = 2.2 x l O I 5  e/cm3 f o r  mobil i ty  of ... z 
0.1 cm /v-sec and t h e  i r r a d i a t i o n  time required t o  achieve s t eady- s t a t e  

is ts 

f i e l d  occurs only a f t e r  lo3 sec i r r a d i a t i o n  time. The average spontan- 
eous discharge pu l se  height of .1 v o l t  r ep resen t s  a l i b e r a t e d  charge of 

10’ sec.  Therefore, t h e  maximum value of i n t e r n a l  e l e c t r i c  
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lo-' coulombs. 

F ig .  20 is 3 X coulombs. Therefore,  t he  observed charge is only 
a small f r a c t i o n  of t h e  charge i n  t r aps .  

The charge i n  t r a p s  f o r  t h e  assumptions used t o  obta in  

The average f l u x  ra te  f o r  t h e  d i f fused  beam and swept beam tech- 
niques were t h e  same r e s u l t i n g  i n  approximately t h e  same s t eady- s t a t e  
condi t ions.  However, t h e  instantaneous f l u x  ra te  f o r  t h e  swept beam 
technique must be higher .  For a constant  sweep ra te  across  a 1 cm 
pick-up used t o  monitor t h e  beam curren t ,  t h e  instantaneous f l u x  rate 
( @  ) is r e l a t e d  t o  t h e  average f l u x  r a t e  (a) by 

where AX is t he  beam dimension i n  t h e  d i r e c t i o n  of  beam displacement 
and L ' i s  t he  displacement amplitude. The a c t u a l  va lue  of  L'/Ly( depends 
upon the energy of  t h e  i r r a d i a t i o n  e l ec t rons ,  however L//m > 10 is not  
uncommon. Therefore, t h e  instantaneous f l u x  r a t e  of e l ec t rons  which 
i n t e r a c t  with the  capac i tor  s t r u c t u r e  is a t  l e a s t  an o rde r  of magnitude 
l a r g e r  f o r  t h e  work a t  LRC a s  compared t o  t h e  LTV i r r a d i a t i o n s .  
f ac to r  t o  consider  is t h e  percent  of charge re leased  from t r a p s  f o r  
approximately one-half cyc le  of t h e  s w e p t  beam. From Eq. (A-14) t h e  
r e l ease  r a t e  is  exp(nt) and 

Another 

- - < exp(iit) . 
A i  

kt 

Therefore, t he  percent  re leased  i n  At is 

- 
t n 

- mt <- e 9 x A t  percent  , n - -  t n  t 

(27) 

a f t e r  introducing the  normalizat ion cons tan t .  For a f l u x  ra te  

4 = 4 x 10l2  e/cm -sec, n = 10 and m t / n t  5 2.2 AT percent  where AT 

is the  time fo r  112 cyc le  of  t h e  beam sweep. 
of the  beam, very few trapped e l e c t r o n s  w i l l  be  r e l eased  before  t h e  next  
sweep and the  i n i t i a l  ra te  o f  trapped charge build-up w i l l  depend upon 
the  instantaneous f l u x  rate r a t h e r  t han  t h e  average f l u x  rate. 

2 
t 

Therefore,  f o r  each sweep 

For the  low i n t e n s i t y  work a t  LTV and LRC, one should note  t h e  
i r r a d i a t i o n  t i m e  requi red  t o  reach s t e a d y - s t a t e  hence t h e  maximum value  
of i n t e rna l  e l e c t r i c  f i e l d .  

10 seconds. 
s t a t e  may not  be achieved f o r  t h e  low i n t e n s i t y  i r r a d i a t i o n s  whi le  t h e  
high i n t e n s i t y  i r r a d i a t i o n s  may r e s u l t  i n  a s t e a d y - s t a t e  va lue  e a r l y  i n  
t h e  i r r a d i a t i o n  period. This f a c t o r  could account f o r  t h e  puls ing  char- 
act  er is t i c e  obe erved . 

Each i r r a d i a t i o n  per iod was t y p i c a l l y  
3 The use of  t h e  charge s t o r a g e  model i n d i c a t e s  t h a t  steady- 
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~ _ _ _ _ _ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

The i n t e n s i t y  e f f e c t  was 
12 a f l u x  r a t e  i n  excess of 10 

invest igated i n  some d e t a i l  a t  LTV. 
e/cm - sec  discharge pulses  on t h e  o rde r  

For 
2 

- -  
of 100 v o l t s  were detected.  The pulse  height observations a t  var ious 
f l u x  r a t e s  and energies  were approximately the  same value f o r  a given 
sample. However, t h e  pulse  rate w a s  s t rongly influenced by both t h e  
f l u x  r a t e  and t h e  i r r a d i a t i o n  e l ec t ron  energy. The energy dependence 
i s  c o n s i s t e n t  wi th  t h e  work reported i n  Appendix D and can be i n t e r -  
preted i n  terms of  charge s to rage  r e s u l t i n g  from secondary e l ec t rons  
i n j e c t e d  from the  aluminum e lec t rode  in to  t h e  mylar  as well  a s  t h e  
stopping of primaries i n  the  mylar. However, i n  t h i s  instance,  only a 
small f r a c t i o n  of t h e  primaries a r e  stopped i n  the  mylar (Ref. 6). 

The high i n t e n s i t y  e f f e c t  was inves t iga t ed  i n  less d e t a i l  a t  LRC 
wi th  t h e  major r e s u l t s  being t h a t  an i n t e n s i t y  e f f e c t  was noted, however, 
t h e  pulse  height  was only the  order  of 5 v o l t s .  

l i b e r a t e d  charge of 5 x 10 

This corresponds t o  
-8  coulombs. 

12 

e/cm -sec a t  LTV, t h e  charge l i b e r a t e d  i n  t h e  discharge event was 
approximately 10 coulombs. The s t eady- s t a t e  charge i n  traps should 

reach approximately 5 x coulombs f o r  a thermal e l ec t ron  f l u x  rate 

of 4 x 1011 e/cm2-sec i n  approximately 60 sec i r r a d i a t i o n  t i m e .  
model of  Sect ion I1 i nd ica t e s  t h a t  approximately 1/5 the  trapped charge 
dens i ty  i s  detected i n  each discharge event. It i s  j u s t  a s  l i k e l y  t h a t  
the  l i b e r a t e d  charge i s  e s s e n t i a l l y  a l l  the  charge. The main point  i s  
t h a t  f o r  the  higher  f l u x  rates t h e  discharge events r e s u l t  i n  an appre-  
c i a b l e  port ion of t h e  s to red  charge being l i b e r a t e d  while t h e  lower 
f l u x  r a t e s  y i e l d  only a small f r a c t i o n  of t h e  s t o r e d  charge. 

When the  primary e l e c t r o n  f l u x  r a t e  w a s  increased above 10 
2 

-6 

The 

The mechanism which responds t o  t h e  rate of charge build-up has 
not  been i d e n t i f i e d .  However, t h e  data presented ind ica t e s  t h a t  t h e r e  
are two types of spontaneous discharge. I r r e g u l a r  pulsing with pulse  
he igh t s  the  o rde r  of a v o l t  o r  less can be l o g i c a l l y  i n t e r p r e t e d  as 
discharges occurr ing e i t h e r  due t o  excessive charge build-up i n  a lo- 
c a l i z e d  region o r  due t o  the  ion iza t ion  of  a loca l i zed  region where t h e  
f i e l d  s t r eng th  i s  less than t h a t  f o r  most of the  i r r a d i a t e d  volume. 
F u l l  discharge events a r e  those f o r  which most of the  space charge i s  
l i b e r a t e d .  

Data i n d i c a t e s  t h a t  t h e  loca l i zed  discharges are more l i k e l y  f o r  
i r r a d i a t i o n  f l u x  r a t e s  comparable t o  those expected i n  the  Van Allen 
b e l t s .  

r a t e s  i n  excess of lo1* e/cm2-sec and a t  energies  which c o r r e l a t e  more 

F u l l  discharges were only observed a t  primary e l ec t ron  f l u x  

c l o s e l y  with t h e  expected secondary electron processes than with the  
s topping of primary electrons.  
s t o r a g e  can reach a s t eady- s t a t e  condition, excessive charge build-up 
i n  a l o c a l i z e d  region is  un l ike ly  i f  the t r a p  densi ty  remains constant  
w i th  t i m e .  
NAS1-3183 could be r e l a t e d  t o  t h e  discharge mechanism (Ref. 9 ) .  

For the f l u x  rates employed where charge 

I n  t h i s  case, previous r e s u l t s  obtained under NASA Contract 
It has 
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been determined t h a t  s i g n i f i c a n t  gas products r e s u l t  from i r r a d i a t i o n  
of  PET. 
concentrat ions i n  t h e  PET which lead  t o  a subsequent i on iza t ion  and a 
discharge over t h e  volume. The f u l l  discharge event could then be in-  
terpreted as a c r i t i ca l  gas concentrat ion r e s u l t i n g  from t h e  high f l u x  
r a t e s  . 

A low f i e l d  s t r eng th  could be assoc ia ted  with loca l i zed  gas  

Although excessive charge build-up i n  loca l i zed  reg ions  appears 
un l ike ly  using the  model i n  Sec t ion  I1 t o  i n f e r  a s t eady- s t a t e  condi- 
t i on ,  it must be r e a l i z e d  t h a t  t h e  a n a l y t i c a l  work is based upon a 
constant  t r a p  d i s t r i b u t i o n  with t i m e .  Although t h e  model is i n  reason- 
a b l e  agreement with charge release experiments, t h e r e  is evidence t h a t  
suggests  t h e  t r a p s  may a l s o  be r a d i a t i o n  induced (see  Appendix D).  
Radiation induced t r a p s  could p lay  a predominant r o l e  i n  determining 
t h e  spontaneous discharge c h a r a c t e r i s t i c s .  
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SECTION I V  

CONCLUSIONS AND RECOMMENDATIONS 

Charge s to rage  i n  i n s u l a t i n g  ma te r i a l s  is well  documented i n  terms 
of phenomenological models derived from the  k i n e t i c s  of space charge 
build-up and decay. During NASh Contract NAS1-3892, charge s to rage  i n  
mylar w a s  observed r e s u l t i n g  from i r r a d i a t i o n  wi th  ene rge t i c  e l ec t rons .  
A phenomenological model which agreed with t h e  k i n e t i c s  of the  observed 
space charge decay was developed. Under t h e  present  con t r ac t ,  the  
model has been extended t o  include space charge build-up, t r anspor t  of 
charge during i r r a d i a t i o n  and the  decay of space charge a f t e r  ceasing 
i r r a d i a t i o n .  The observed ex te rna l  charge t r a n s f e r  c h a r a c t e r i s t i c s  
i n d i c a t e  t h a t  no-retrapping i n  t h e  space charge region is a f a i r  approx- 
imation during the  i n i t i a l  decay period. Therefore, t h e  mean range of 
an e l e c t r o n  l i b e r a t e d  from a t r a p  is  approximately the  sample thickness .  
From Fig.  19, t h e  maximum i n t e r n a l  e l e c t r i c  f i e l d  f o r  most cases con- 

s idered is approximately 6 x 10 voltslcm and t h e  average e l e c t r i c  f i e l d  

is 3 x 10 
-9 2 r e s u l t s  i n  a mean range pe r  u n i t  f i e l d  ( p ~ )  2: 2 x 10 

has a l s o  been poss ib l e  t o  account f o r  the r e l e a s e  of charge from t r a p s  
and t h e  r e s u l t i n g  changes i n  the trapped charge asymnetry. The s p a t i a l  
symnetry of  t h e  trapped charge does not  s t rong ly  inf luence the  ex te rna l  
charge t r a n s f e r  during space charge decay. The depth of t r a p  f i l l i n g  
and t h e  spat ia l  ex ten t  of trapped charge are the  major f a c t o r s  i n  de- 
termining the ex te rna l  charge t r a n s f e r  c h a r a c t e r i s t i c s .  
been shown t o  be i n  reasonable agreement with t h e  experimental observa- 
t i o n s  obtained t o  date .  However, from the  r e s u l t s ,  i t  has not been 
poss ib l e  t o  determine i f  t h e  t r a p s  are r a d i a t i o n  induced or  an i n t r i n s i c  
material property.  This quest ion can best  be answered through an in-  
t e n s i v e  fundamental i nves t iga t ion  of r a d i a t i o n  e f f e c t s  i n  mylar. Much 
of  t h e  information pe r t a in ing  t o  the r a d i a t i o n  chemistry of mylar was 
obta ined  under NASA Contract NAS-3183 (Ref. 9).  

5 

5 volts/cm f o r  a uniform s p a t i a l  d i s t r i b u t i o n  of charge. This 

cm /vol t .  It 

The model has 

There has a l s o  been evidence obtained from many sources which 
demonstrates t h a t  t h e  charge s torage associated wi th  e l ec t ron  i r r a d i a t i o n  
can r e s u l t  i n  spontaneous discharge events.  Data obtained under t h i s  
c o n t r a c t  i n d i c a t e  t h a t  the  method f o r  obtaining a given f l u x  r a t e  across  
the  i r r a d i a t e d  sample can inf luence the spontaneous discharge 
c h a r a c t e r i s t i c s .  Considering t h e  results obtained a t  RTI, LTV and LRC 
on i d e n t i c a l  samples, the  swept beam i r r a d i a t i o n s  a r e  more l i k e l y  t o  re-  
s u l t  i n  a spontaneous discharge event. This conclusion is based i n  p a r t  
on t h e  r e s u l t s  of Sect ion I1 and the concept of a s t eady- s t a t e  space 
charge d i s t r i b u t i o n  f o r  a given f lux  r a t e .  
t h a t  t h e r e  a r e  two operat ive mechanisms a s soc ia t ed  with spontaneous 
discharge.  
v o l t  o r  l e s s  can be l o g i c a l l y  in t e rp re t ed  as discharges occurring e i t h e r  
due t o  excessive charge build-up i n  a loca l i zed  region o r  due t o  t h e  
i o n i z a t i o n  of a loca l i zed  region where t h e  f i e l d  s t r eng th  is l e s s  than 
t h a t  f o r  most of t h e  i r r a d i a t e d  volume. F u l l  discharge events a r e  
those f o r  which most of the  space charge is l i be ra t ed .  Data ind ica t e  

I n  add i t ion ,  data i n d i c a t e  

I r r e g u l a r  pulse r a t e s  and pulse heights  the  order of a 
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t h a t  the  loca l i zed  discharges a r e  more l i k e l y  a t  l e a s t  f o r  i r r a d i a t i o n  
f lux r a t e s  comparable t o  those expected i n  the  Van Allen b e l t s .  

From t h i s  discussion, i t  becomes obvious t h a t  one should deter-  

do 
mine whether these phenomena a r e  pecu l i a r  t o  the organic polymers. 
Present data i n d i c a t e  t h a t  inorganics such as SiO, S i 0  

s t o r e  charge and i n  some instances more charge than mylar f o r  a given 
i r r a d i a t i o n  condition. However, t h i s  space charge does not r e s u l t  i n  
t h e  discharge c h a r a c t e r i s t i c s  noted f o r  mylar and similar polymers. 
The gas concentration concept introduced i n  Sect ion I11 represen t s  a 
reasonable explanation; however, t he re  is the  p o s s i b i l i t y  t h a t  t h e  l ack  
of spontaneous discharge f o r  inorganic fi lms is due t o  a volume e f f e c t .  
Usually, t h e  inorganic f i l m s  a r e  the  order  of 1 micron i n  thickness 
while mylar is g r e a t e r  than 6 microns. 

and A 1  0 2 2 3  

From the t e s t s  conducted a t  RTI, LTV and LRC, l i m i t a t i o n s  and ad- 
vantages of the var ious techniques employed became apparent.  The r e l a -  

t i v e  s t a b i l i t y  of t h e  e l e c t r o n  f l u x  from the Pm147 source was a d e f i n i t e  
advantage when long i r r a d i a t i o n  periods were des i r ab le .  However, 1 1 2  

m i l  aluminum is approximately one h a l f  thickness f o r  the  Pm147 source 
and l i m i t s  the  e l ec t rode  thickness  one can use without appreciably de- 
creasing the  f lux  r a t e .  
provide more f l e x i b i l i t y  i n  the  t e s t i n g  program and provide a d i s t r i b u -  
t i o n  of  e l ec t ron  energies which approximates the Van Allen f l u x  over 

a w i d e r  energy range. 
would o f f e r  a b e t t e r  comparison to  t h e  da t a  obtained i n  t h e  a c c e l e r a t o r  
f a c i l i t i e s .  

A source with a maximum energy near l Mev would 

2 In  add i t ion ,  a f€ux r a t e  approaching 10l1 e/cm - sec  

The v a r i a t i o n  of energy and f l u x  r a t e  a v a i l a b l e  with the  p a r t i c l e  
acce le ra to r s  can be used t o  advantage i n  many ins t ances ,  however, t h e r e  
a r e  two aspects  of t h i s  technique which must be examined c a r e f u l l y .  
spontaneous discharge c h a r a c t e r i s t i c s  of the  capac i to r  s t r u c t u r e  have 
been shown to  depend upon the  energy of the i r r a d i a t i o n  e l ec t rons .  Re- 
l a t i n g  these  behavior t o  t h a t  expected i n  t h e  Van Allen b e l t s  i n  a con- 
vincing manner is a t  bes t  a d i f f i c u l t  t ask .  
e l ec t ron  beam can r e s u l t  i n  ambiguous s igna l  generation. For t h i s  
l a t t e r  consideration, the d i f fused  beam technique appears t o  be superior  
t o  the swept beam. 
of  current va r i a t ions  i n  t h e  ex te rna l  c i r c u i t  r e s u l t i n g  from the  
stopping of e l ec t rons  i n  the  e l ec t rodes  each sweep of  the  beam. 

The 

Also, f l u c t u a t i o n s  of the  

This conclusion is based p r imar i ly  upon t h e  exis tence 

So l id  S t a t e  Laboratory 
Research Triangle I n s t i t u t e  

Research Triangle Park, North Carol ina,  August 22, 1966 
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APPENDIX A 

DERIVATION OF TRAPPING AND TRANSPORT EQUATIONS 

For d i s t r i b u t e d  traps, the equation descr ibing a small increment 
cy1 of the  trapped charge is t 

a% -E/kT 
at = - mt) - s m t e  

In  t h e  general  case, c 

To ob ta in  an equation for  the  t o t a l  density of  trapped electrons,  the  
above equation i s  in t eg ra t ed  over t h e  t r a p  energies.  I f  E i s  measured 
as p o s i t i v e  downward from t h e  conduction band, 

and s can both depend upon the t rap energy. n 

00 
ant - E / H  e dE . - I  0 s- a 

A t  any i n s t a n t  of  time, the  traps below some energy E w i l l  be essen- 

t i a l l y  a l l  f i l l e d  whi le  t h e  t r a p s  above E f n  w i l l  be e s s e n t i a l l y  empty. 
fn  

Then, as an approximation, 

0 
-3 { 
ae aNt 

aE 

The above equation then becomes 

0 - < E < Efn  

Efn  < E 

0 < E < Efn - 

Efn ' E 

(A- 3 1 

(A- 4) 
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Appendix A 

where 

To ca r ry  t h e  development fu r the r  r equ i r e s  a s p e c i f i c  model f o r  
t h e  t r a p  d i s t r i b u t i o n  as a funct ion of energy. 
most i n t e r e s t  are: 

The d i s t r i b u t i o n s  of 

(a) Uniform t r a p  dens i ty  

aNt B 
x=kT 

C 

(b) Exponential t r a p  dens i ty  

(A-7) 

B and T a r e  cons tan ts  cha rac t e r i z ing  t h e  t r a p  d i s t r i b u t i o n s .  Assuming 

t h a t  cn and s are independent of  energy, t h e  following equat ions are 

obtained f o r  t he  rate of change of t rapped e lec t rons :  

C 

where N 
ponent ia l  t r a p  case).  

equation, then t h e  f a c t o r s  c and s i n  t h e  above equat ions must be con- 

s idered  as funct ions of nt. 

upon the  energy and s ince  t h e  t r a p s  are normally f i l l e d  t o  on ly  a small  

is the  t o t a l  t r a p  dens i ty  i n  both cases (NT = B f o r  t h e  ex- 
I f  cn and s depend upon energy i n  t h e  i n i t i a l  

T 

n 
Since they are probably weakly dependent 
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Appendix A 

f r a c t i o n  of t h e  t o t a l  t r a p  densi ty ,  the use of  constant  cn and s is  
not a severe r e s t r i c t i o n .  

For t h e  purpose of numerically solving t h e  equations, it is  
convenient t o  w r i t e  the  equations i n  terms of normalized va r i ab le s .  
For t h e  th ree  cases,  t h e  normalized equations are: 

(a) S ing le  t r a p  l e v e l  

where 

- n  n = -  
NT 

- t n 

NT 
n = -  

a i t  
a i  
- = c  

t 
- n (1 - iit) - n n 

_ -  
A -  a i  - - -  ant + G + - a ( 9  n 
a: ar a; 

ag - = - (;I - ;Io + iit - iito) , 
aii 

f = t s exp(-Et/kT) 

n - t o  
t o  NT 

n = -  

x = x/L 

1 - G - exp(Et/kT) 
NT" 

(A- 11) 

(A- 12)  

(A- 13) 
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where 

(b) Uniform t r a p  dens i ty  

- TCn 
n - -  TB 

aii, 

a i  - 5 ii 6, - it) - exp(iit) 

- a = - (ii - iio + iit) 
aii  

- 1 
n n s  c = c  - 

- 
t = s exp 

- 1 
I 

"n Pn S 

TB \T/ exp 
C 

(c) Exponential t r a p  dens i ty  

a i t  
a; 
- - s ii (1 - it) - n 

- T n  no - 2 
TB 

TcmT - "to) 
TB fiT = 

ETCF P =- qLBT 

x = x/L 

exp @TI 
TC G = -  TBS 

(A- 14) 

(A- 15) 

(A- 16) 

(A- 17 

70 



Appendix A 

a aii 
- = - -  aii + G + -  (in n 
a: a i  ax 

- = -  ap ( G - i i 0 + i t - i i  ) 
t o  a;; 

where 
n - n  n = -  

NT 

- t n 
n = -  

NT 

- NTm 
c = c  - n n s  

- s  
t = - t  m 

I 

n - t o  n = -  
t o  NT 

TC m = (1 + T) 

F p = -  E 
qLNT 

ii = x/L 

(A- 18) 

(A- 19) 
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APPENDIX B 

- 
n -  

DISCUSSION OF COMPUTER SOLUTIONS 

C + exp (it) 

’h n t + C n (RT - iit) 
(B-4)  - ---. 

X - -  X 
0 o 

This appendix discusses  some of t h e  techniques used and d i f f i c u l -  
t i e s  encountered i n  the  computer so lu t ions  f o r  ;I and ;; 
which were solved a r e  

The equations 
t’ 

.- 

It is assumed t h a t  i >> G. t 

To ob ta in  so lu t ions  f o r  these equations,  a boundary condi t ion on 
i s  required.  This can be obtained from Eq. (B-2)  by not ing t h a t  i f  &/a; i s  t o  remain f i n i t e  a t  the  zero f i e l d  point  ( i .e. ,  a t  P = 0),  t h e  
e l ec t ron  concentration a t  t h e  zero f i e l d  point  must be given by 

The zero f i e l d  point  i c  is  t h e  value of which s a t i s f i e s  t h e  equation 
0 

03-51 
0 -  

X 
0 

o r  i t  is t h e  point a t  which = 0. Since i > 0, i t  is  obvious t h a t  

0 < io < 1. For given i t h e  numerical s o l u t i o n  of Eqs. (B-2)  and 

(B-3)  f o r  5 with the  boundary condi t ions as expressed by Eqs. (B-4)  
and (B-5)  i s  f a i r l y  s t ra ightforward.  The only d i f f i c u l t y  i s  i n  eval- 
uating ai/& from Eq. (B-2 )  near x because of t h e  s i n g u l a r i t y  a t  ic . 
This i s  overcome by taking a d e r i v a t i v e  of Eq. (B-2)  from which i t  is  
found t h a t  

t -  

t’ - - 

0 0 
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Appendix B 

This equation was used to evaluate near . 
0 

The only difficulty encountered in the numerical solution of 
Eq. (B-1) for st is the large time interval aver which the solution 
must be carried. 
(i.e., by setting ;I = 0) which shows that it a - In f .  
must then be carried over many orders of magnitude in time. For typical 
solutions about four orders of magnitude in time are required. This 
problem was handled by taking longer time intervals as the solution 
progressed. 
values on a In E scale with either ten or twenty points taken per 
order of magnitude in time. 

This can be seen by considering only charge release 
The solution 

The time intervals were chosen to give equally spaced 

The integrations on both 2 and f were done by a predictor-corrector 
method with the solutions iterated until consistent values were obtained 
at each value of x and E. 
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APPENDIX C 

DISCUSSION OF PARAMETERS USED IN 
THE TRAPPING AND TRANSPORT MODEL 

In Section 11, a dynamic modei for build-up and decay of irra- 
diation induced space charge is introduced. The basic equations de- 
pend upon a combination of parameters which must be determined before 
quantitative aspects of the model can be pursued. Initially, these 
parameters were estimated either from the results of NASA Contract 
NAS1-3892 or from the literature. 

The initial estimate of these parameters was obtained using: 

(a) the attempt to escape frequency from the work of Fowler 
10 -1 (Ref. 10) (s 2: 9 x 10 sec ), 

(b) the dielectric constant E was determined by capacitance 
measurements at 1 kc for 1/4 mil mylar to + 20 percent accuracy - 

(c) the trap density per unit energy for the uniformly distributed 
trap model (B/kTc) was inferred as a minimum value under NASA Contract 

NAS1-3892 (B/kTc - > 1.7 x 10l6 cm 
value of NT > 1.53 x 10 

-3 - ev '), and from the same works, a 
16 3 /cm was obtained (Ref. l), 

(d) the mobility was unknown, however, Fowler (Ref. 10) used a 
2 value of cm /v-sec. Preliminary investigations of the photo response 

of PET indicated that the mobility was of the order of 0.1 cm /v-sec 2 

(e) the free carrier concentration n was estimated from dark con- 
ductivity measurements to be discussed atoa later point in this appendix 

(no 2: 7.9 x 10 cm-3). 2 

With the values given above, ZnRT/Gn = 1.7 was calculated. 
was the principal value used throughout the computer computations. 
However, a number of solutions for the model in Section I1 were ob- 
tained for ; fi /i 
preted in terms of a mobility change for the problem. 

have been obtained for mobilities of 1, 0.1 and 0.01 cm /v-sec. 

This 

= 0.17 and znfiT/Ln = 17. These results can be inter- n T  n 
Therefore, solutions 
2 

During the course of the contract, the parameters listed above for 
PET have been investigated by various methods. In addition, pertinent 
data have appeared in the recent literature. Using Eq. (C-1) and esti- 
mating the free carrier concentration from dark conductivity measurements 
the combination of parameters reduces to 
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Appendix C 

The d i e l e c t r i c  constant  has  been measured by Lengyel (Ref. 11) f o r  
1.1 m i l  PET y ie ld ing  a value of 3.4. 
aluminum e lec t rodes  were shown t o  display t h e  Schottky type voltage- 
current-temperature c h a r a c t e r i s t i c .  
as compared t o  t h e  0.87 ev obtained under NASA Contract NAS1-3892 

(Ref. 1). A value f o r  volume r e s i s t i v i t y  of  1 O I 8  ohm-cm has been 
reported f o r  PET (Ref. 12) .  Volume r e s i s t i v i t y  f o r  d i e l e c t r i c  f i lms 
i n  t h i s  range is d i f f i c u l t  t o  ob ta in  i n  a st raightforward manner. 
Using dark conduct ivi ty  measurements t o  ob ta in  a value f o r  r e s i s t i v i t y  
r equ i r e s  ohmic contacts .  
PET, an e l e c t r o l y t i c  c e l l  depicted i n  Fig. C-1 w a s  employed with 0.1 
mole N a C l  s o l u t i o n  i n  contact  with the  PET film. The r e s u l t s  f o r  
s eve ra l  measurements are shown i n  Fig.  C-2. I f  one i n t e r p r e t s  t hese  
r e s u l t s  i n  a manner similar t o  the space charge l i m i t  cu r r en t  model 
by Rose (Ref. 13) t h e  near l i n e a r  c h a r a c t e r i s t i c  i n  the  low vol tage 
region can be used t o  ob ta in  an est imate  of the  r e s i s t i v i t y .  Using 
t h e  current-vol tage da t a  a t  50 v o l t s  f o r  1/4 m i l  t h i c k  PET with elec-  

t rode  areas of  1.25 c m  , a value of  ohm-cm is  obtained. When 
t h e  f u l l  spectrum of t h e  H lamp illuminates the  PET through the  N a C l  

e l ec t rodes  s t eady- s t a t e  cu r ren t  increases.  
c u r r e n t  model a p p l i e s ,  t h i s  increase from t h e  absorpt ion of t h e  l i g h t  
near  t h e  i l luminated su r face  can be in t e rp re t ed  as t h e  c r e a t i o n  of a 
source of  e l ec t rons  wi th in  t h e  PET which behaves as a contact .  This 
e f f e c t i v e l y  reduces the  thickness of PET. Unfortunately, t h e r e  is 
another  i n t e r p r e t a t i o n  which cannot be overlooked. 
c u r r e n t  can be due t o  a reduction of a b a r r i e r  between the  PET and t h e  
e l ec t rodes .  

I n  add i t ion ,  PET samples with 

The b a r r i e r  he igh t  w a s  0.88 ev 

I n  an attempt t o  ob ta in  ohmic contacts  t o  

2 

g 
I f  t h e  space charge l imited 

The increase i n  

The space charge l imi t ed  model proposed by Rose f o r  uniformly 
d i s t r i b u t e d  t r a p s  is of t h e  form (Ref. 13) 

J = clVe 

The va lue  of 7 is r e l a t e d  t o  t h e  t r a p  

4.53 x B E -= -=  
kTc qkT7L2 

density p e r  u n i t  

-3 -1 c m  ev . 
energy, where 

(C-3) 

This r e s u l t  compares favorably d t h  t h e  minimum value of 1.7 x 10 16 c m  -3 ev -1 
obta ined  under NASA Contract NAS1-3892 (Ref. 1). This r e s u l t  lends support  
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Appendix C 

J - CIVe rv 

C1 - 2.9 X 

3 y - 3.6 X 10- 

0 0 Sample A 
X Sample B 
A Sample B illuminate, 

X - 3000 A 
1/4 Mil Mylar 
Dupont Type C 
NaCl Electrodes 0.1 Mole 

n I  I I I I I I I I I - 
100 200 300 400 500 600 700 800 900 1000 

Applied Voltage 

Figure C-2. Current-voltage characteristics for 114 mil mylar obtained 
using the electrolytic conductivity cell. 
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t o  the  i n t e r p r e t a t i o n  of  t he  da ta  using t h e  space charge l imi t ed  cu r ren t  
model. However, it 

v i t y  of  10 ohm-cm 
data  i s  obtained. 

17 

Usinn the  m r e  - 
fi 1; = 5 . 6 .  n T  n 

i s  recognized t h a t  t h e  va lue  f o r  t h e  volume res i s t i -  

is t e n t a t i v e  u n t i l  more conclusive 

recent  values  of  t h e  parameters i n  

experimental  

Eq. (C-1) y i e l d s  

Solu t ions  fo r  t h e  model i n  Sec t ion  I1 have been obtained such 
t h a t  t he  pred ic ted  behavior fo r  build-up and decay of i r r a d i a t i o n  in-  
duced space charge f o r  a range of  va lues  of these  parameters which are 
c h a r a c t e r i s t i c  of PET can be compared t o  the  experimental  r e s u l t s .  
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APPENDIX D 

PREVIOUS WORK RELATED TO 

SPACE CHARGE EFFECTS I N  MYLAR 

The following work has  been reported elsewhere (Ref. 14) , however, 
the experimental techniques and the  s implif ied model a r e  pe r t inen t  t o  
the  ma te r i a l  presented i n  t h i s  r epor t .  

EXPERIMENTAL TECHNIQUE 

A heated tungsten fi lament was used as t h e  e l e c t r o n  source. The 
e l ec t rons  were acce le ra t ed  through a po ten t i a l  supplied by a regulated 
dc supply. The power supply r i p p l e  was l e s s  than 0.5 percent RMS with 
an output vol tage r e so lu t ion  o f  2 percent.  
chamber measured a t  the  d i f f u s i o n  pump port w a s  maintained below 

Pressure i n  t h e  working 

t o r r  during a l l  i r r a d i a t i o n s .  

The samples were mounted on the f i x t u r e  shown i n  Fig.  D-1. The 
f i lms were held i n  place by magnets. The i r r a d i a t e d  e l ec t rode  made 
e l e c t r i c a l  contact  wi th  the  s t e e l  p l a t e  which was system ground and 
the  contact  t o  the  back e l ec t rode  w a s  provided by the  magnet which w a s  
i n  e l e c t r i c a l  contact  through bare copper wire  with a vacuum feed- 
through i n  the mounting p l a t e .  
s h i e l d  a g a i n s t  t h e  e l ec t rons  ou t s ide  t h e  i r r a d i a t i o n  a rea  and s p e c i f i -  
c a l l y  a t  the  sample edges while the lead provided a t t enua t ion  by any 
bremstrahlung c rea t ed  i n  the  aluminum. 

The aluminum f r o n t  p l a t e  provided a 

The beam cur ren t  was measured by r o t a t i n g  a s h u t t e r  so the e l ec t ron  
beam w a s  s t r i k i n g  t h e  aluminum port ion of t h e  s h u t t e r  and by passing 
t h e  c o l l e c t e d  e l ec t rons  through a meter t o  t h e  high vol tage power supply. 
I n  t h e  energy range from 10 kev t o  50 kev, backscattered e l ec t rons  a r e  
approximately 15 percent of the  primary beam cur ren t  (Ref. 15) .  The 
secondary y i e l d  is approximately t h e  same ~ a l u e  (Ref. 8). Therefore, 
the  c u r r e n t  measured by t h i s  technique can be i n  e r r o r  as much as 30 
percent with r e spec t  t o  t h e  current  a c t u a l l y  s t r i k i n g  the  s h u t t e r .  
t h e  s h u t t e r  was removed, the  e l ec t ron  beam w a s  i nc iden t  on t h e  aluminum 
e lec t rode  of the  t e s t  sample. 
su r f ace  w i l l  be approximately the  same as f o r  t h e  s h u t t e r ,  however, t h e  
backscat tered e l ec t rons  w i l l  depend upon the thickness  of the  aluminum 
e l e c t r o d e  (Ref. 16). 
inum f i lms  of i n t e r e s t ,  approximately 1GOO A thick,  than f o r  balk aluminum. 
Therefore, the  number of primary electrons which were a b l e  t o  provide 
secondary e l ec t rons  a t  t h e  aluminum-polyethylene t e r eph tha la t e  boundary 
o r  which were a b l e  t o  pene t r a t e  i n t o  t h e  polyethylene t e r eph tha la t e  was 
l a r g e r  than the  value measured by the  s h u t t e r  cu r ren t .  
volved w a s  estimated t o  be approximately 20 percent.  

When 

The secondary e l ec t rons  from the i r r a d i a t e d  

The backscat ter ing c o z f f i c i e n t  i s  smaller f o r  alum- 

The e r r o r  in -  

The i r r a d i a t e d  samples were prepared from commercially a v a i l a b l e  

polyethylene t e r eph tha la t e .  Films 6.3 x cm t h i c k  and 5 cm i n  
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Figure D-1. Fixture for mounting sample in electron gun assembly. 
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diameter were cleaned twice i n  a detergent s o l u t i o n  and r in sed  a f t e r  
each wash i n  deionized water. Following a wash i n  hydrofluoric  ac id ,  
and a deionized water r i n s e ,  t h e  f i lms were s t o r e d  i n  methanol p r i o r  
t o  e l ec t rode  evaporation. Af t e r  placing the fi lms i n  t h e  evaporator, 
and outgassing f o r  approximately 30 minutes, aluminum electrodes were 
evaporated t o  t h e  des i r ed  thickness .  Simultaneously, the  aluminum was 
evaporated onto the  quartz  c r y s t a l  of a c r y s t a l  con t ro l l ed  o s c i l l a t o r .  
The r e s u l t i n g  frequency change of the o s c i l l a t o r  was used t o  obtain 
an est imate  of the  evaporated aluminum thickness.  Using t h e  c r y s t a l  
monitoring technique, the  uncertainty i n  e l ec t rode  thickness has been 
estimated t o  be + 250"A. - 

A f t e r  evaporating the  electrodes,  the capacitance and d i s s i p a t i o n  
f a c t o r  of the  samples were measured a t  1 kc with t y p i c a l  values of 6 
nanofarads and 0.005, respect ively.  The dc leakage r e s i s t a n c e  w a s  
measured and values  a t  l e a s t  an order of magnitude g r e a t e r  than t h e  
r e s i s t a n c e  of the  ex te rna l  c i r c u i t  were acceptable.  

Asynnnetrical decay of the  trapped electrons r e s u l t e d  i n  a t r a n s f e r  
of  charge through an ex te rna l  c i r c u i t  (Ref. 17) .  The c i r c u i t  used t o  
d e t e c t  t h i s  charge was an RC network which i n t e g r a t e s  the  cu r ren t  i n  

the  ex te rna l  c i r c u i t  with a time constant of  10 seconds. The vol tage 
ac ross  t h e  capaci tor  w a s  measured by an electrometer whose input r e s i s t -  

ance of 10" ohms w a s  a po r t ion  of the RC i n t e g r a t o r .  
t h e  electrometer  w a s  fed i n t o  a s t r i p - c h a r t  recorder.  The minimum 
vo l t age  across  t h e  i n t e g r a t o r  capaci tor  which could be measured w a s  
1 m i l l i v o l t .  

5 

The output of 

A f t e r  placing the  sample i n  the  i r r a d i a t i o n  chamber, an e l ec t ron  
- 8  2 

beam wi th  a cur ren t  densi ty  of 5 x 10 amperes/cm w a s  focused on the  
s h u t t e r .  
The energy of t h e  e l e c t r o n s  f o r  each i r r a d i a t i o n  w a s  i n  t h e  range from 
10 kev t o  20 kev. Upon terminating t h e  i r r a d i a t i o n ,  the  electrodes of 
t h e  sample were shorted f o r  a period of one minute. This allowed any 
t r a n s i e n t s  due t o  turning o f f  the  electron beam t o  decay and provided 
a m p l e  time t o  connect t h e  measuring c i r c u i t  across  t h e  sample. Due t o  
t h e  high impedance l e v e l s  encountered i n  t h e  measurement, it was im-  
practical t o  achieve the  t r a n s i t i o n  from t h e  e l e c t r o n  beam measurement 
t o  t h e  trapped charge decay measurement with a switching device. 

The s h u t t e r  w a s  then opened for t h e  desired i r r a d i a t i o n  time. 

EXPERIMENTAL RESULTS 

The trapped charge decay w a s  observed from 60 seconds t o  approxi- 
The t r a n s f e r  mately 2400 seconds a f t e r  turning o f f  the e l e c t r o n  beam. 

of e x t e r n a l  charge as a function of time under these  conditions is 
shown i n  Fig.  0-2 f o r  a t y p i c a l  sample .  

ing 10 

For i n t e g r a t i o n  times approach- 
4 seconds, t h e  e r r o r  due t o  leakage through t h e  RC in t eg ra to r  was 
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Figure D-2. External charge transfer from thermal release of trapped 
irradiation electrons for the indicated primary electron 
energies. 
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f ex t e rna l  charge t ran  fer. The dot ted po r t ion  
of  the  curves drawn through t h e  da t a  represents  es t imates  of t h e  ex te rna l  
charge t r a n s f e r  which have been co r rec t ed  for  t h e  e r r o r  introduced by t h e  
in t eg ra to r .  From t h i s  data, one aspect of t h e  ex te rna l  charge t r a n s f e r  
is q u i t e  obvious. Using range-energy data f o r  water (Ref. 18) which is 
approximately t h e  same as t h a t  f o r  polyethylene t e r e p h t h a l a t e  one r ead i ly  
f i n d s  t h e  range of t h e  primary e l ec t rons  a t  t h e  energy which y i e l d s  t h e  
maximum ex te rna l  charge t r a n s f e r  is approximately one-ha1 f the  thickness 
of  t h e  polyethylene t e r e p h t h a l a t e  film. 
ex te rna l  charge t r a n s f e r  is reduced below the s e n s i t i v i t y  of the  measure- 
ment corresponds t o  a practical range approximately equal t o  the  f i l m  
thickness.  

Also, t h e  energy a t  which t h e  

For t h e  latter cbscr:ation, one may conclude t h a t  w i th in  t h e  sens i -  
t i v i t y  of t h e  measurement, the  trapped-charge decay is symnetrical .  
The s implest  trapped charge d i s t r i b u t i o n  which could y i e l d  such a r e s u l t  
is one t h a t  is uniform throughout t h e  i r r a d i a t e d  volume. 
a r e  o the r  d i s t r i b u t i o n s  which could y i e l d  a synmetrical decay; however, 
when one considers t h e  transmission of  e l ec t rons  i n  t h i s  energy range 
through t h e  comparable thicknesses  of  other  ma te r i a l s ,  t h e  l i n e a r  decrease 
i n  t h e  number of t ransmit ted e l ec t rons  with depth appears t o  be a 
reasonable assumption (Ref. 19). I n  general, one f inds  a somewhat less 
than l i n e a r  decrease near  the  i r r a d i a t e d  surface.  The p o s s i b i l i t y  of 
secondaries from t h e  e l ec t rode  being in j ec t ed  i n t o  t h e  polyethylene 
t e r eph tha la t e  could increase t h e  number of e l ec t rons  trapped near the  
i r r a d i a t e d  su r face  such t h a t  the  o v e r a l l  d i s t r i b u t i o n  is more uniform 
than one might expect based upon t h e  transmission of primary e l ec t rons  
alone. 

Obviously, t h e r e  

The con t r ibu t ion  of secondary electrons from t h e  i r r a d i a t e d  e l ec t rode  
t o  t h e  n e t  charge d i s t r i b u t i o n  i n  t h e  polyethylene t e r eph tha la t e  f i l m  was 
f u r t h e r  i d e n t i f i e d  by t h e  r e s u l t s  shown i n  Fig. D-3. 
pared i n  t h e  usual  manner with 500 %L electrodes and i r r a d i a t e d  with 16 kev 

e l ec t rons .  The beam cur ren t  dens i ty  was 5 x 10 amperes/cm . Afte r  ob- 0 

se rv ing  the trapped charge decay, t h e  i r r a d i a t e d  e l ec t rode  thickness was 1000 A 
2000 A, 5000 A, 7000 A, and 10,000 A and the sample i r r a d i a t e d  wi th  16 kev 

e l e c t r o n s  and a beam cur ren t  dens i ty  of 5 x 
thickness .  The measurement was repeated a t  each thickness and the  repro- 
d u c i b i l i t y  w a s  w e l l  w i th in  t h e  s e n s i t i v i t y  of  t h e  measuring technique. 
Tie r e s u l t s  i n d i c a t e  t h a t  while t h e  number of p r i n a r i e s  enter ing the  
polyethylene t e r e p h t h a l a t e  decreased due t o  t h e  increased aluminum 
e l e c t r o d e  thickness,  t h e  t r a n s f e r  of external  charge i n i t i a l l y  increased 
and subsequently decreased with increasing e l e c t r o d e  thickness.  
i n i t i a l  i n c r e a s e  can be explained i n  terms of  t h e  secondary y i e l d  'from 
t h e  e x i t  s i d e  of t h e  i r r a d i a t e d  aluminum electrode.  
been c o r r e l a t e d  wi th  t h e  energy d i s s ipa t ion  densi ty  a t  t h e  e x i t  su r f ace  
(Ref. 8). For e l e c t r o n s  i n  t h e  energy range of  i n t e r e s t ,  the  energy 
d i s s i p a t i o n  funct ion i n  aluminum has a maximum a t  approximately one-fourth 
t h e  p r a c t i c a l  range of primary e l ec t ron  (Ref. 20). 

A sample w a s  pre- 

-8 2 

0 0 0 0 

2 amperes/cm a t  each 

This 

Secondary y i e l d  has 

For a 16 kev e l ec t ron  
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Figure D-3.  External charge transfer as a function of time for irradiated 
aluminum electrode thickness indicated. 
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0 

i n  aluminum, t h i s  maximum occurs a t  approximately 7000 A. The increased 
secondary y i e l d  i s  a t  the  expense of t h e  number of pr imary e l ec t rons  
t ransmit ted through t h e  aluminum electrode;  t he re fo re ,  the  e l ec t rode  
thickness  which w i l l  y i e l d  t h e  maximum number of e l ec t rons  injecte! i n t o  
the  polyethylene t e r eph tha la t e  w i l l  be l e s s  than o r  equal t o  7000 A de- 
pending upon the  r a t e  of increase i n  the  number of secondaries and the  
rate of decrease of the  number of primaries wi th  increasing e l ec t rode  
thickness.  Other f a c t o r s  which can a f f e c t  t h e  n e t  charge d i s t r i b u t i o n  
a r e  the  secondary e l ec t ron  y i e l d  from the i r r a d i a t e d  polyethylene 
t e r eph tha la t e  and the diffused energy spectra  of t h e  e l ec t ron  beam 
transmit ted through the  e l ec t rode .  These e f t e c t s  would decrease t h e  
ex te rna l  charge t r a n s f e r  with increasing e l ec t rode  thickness.  
the r e s u l t s  of Fig. D-3  a r e  cons i s t en t  with the  expected behavior when 
one considers  the  ne t  charge i n  t h e  polyethylene t e r eph tha la t e  due t o  
primary and secondary e l ec t rons .  

Therefore, 

The dependence of the  ex te rna l  charge t r a n s f e r  on the  energy of 
t h e  primary e l ec t ron  i n  Fig.  D-2 can be in t e rp re t ed  i n  terms of the  
p r a c t i c a l  range corresponding t o  the  various energies  and the  change 
i n  t h e  number of primary and secondary e l ec t rons  i n j e c t e d  i n t o  the  
polyethylene t e r eph tha la t e .  To i n d i c a t e  t h i s  dependency, consider 
the  n e t  charge d i s t r i b u t i o n  t o  be uniform from the i r r a d i a t e d  su r face  
t o  t h e  p r a c t i c a l  range. Furthermore, for  primary e l ec t ron  energies l e s s  
than t h e  energy corresponding t o  t h e  maximum t r a n s f e r  of external  charge, 
assume t h a t  a l l  the  e l ec t rons  thermally released from t r a p s  a r r i v e  a t  
the  i r r a d i a t e d  e l ec t rode  without being retrapped. Since a l l  the  su r face  
charge on the  un i r r ad ia t ed  e l ec t rode  must be t r a n s f e r r e d  through t h e  
ex te rna l  c i r c u i t ,  t h e  l i m i t i n g  value of the ex te rna l  charge i s  

2 - 

where A i s  the  i r r a d i a t e d  area,  r is the  p r a c t i c a l  range of t h e  primary 
e l ec t rons ,  1 i s  t h e  thickness  of the polyethylene f i lm  and nt i s  the  

e l e c t r o n s  p e r  cm3 i n  t r a p s .  Since t h e  trapped e l e c t r o n  d i s t r i b u t i o n  
extends through approximately one-half t h e  thickness of the  polyethylene 
t e r e p h t h a l a t e  f o r  the maximum ex te rna l  charge t r a n s f e r ,  some of t h e  
thermally r e l eased  e l ec t rons  should reach t h e  un i r r ad ia t ed  electrode.  
Therefore, Eq. (D-1) w i l l  only provide an estimate of the  minimum value 
of trapped charge for  the  uniform d i s t r i b u t i o n .  Using Eq. (D-I), the  
minimum value f o r  the  t o t a l  space charge f o r  the  10, 12, and 14  kev 

i r r a d i a t i o n s  i s  approximately 7.5 x 10 coulomb. The i r r a d i a t i o n  
-5 charge f o r  each run w a s  1.5 x 10 coulomb. 

-8 

External  charge t r a n s f e r  during the thermal r e l e a s e  of trapped 
e l e c t r o n s  w a s  i nves t iga t ed  a t  14 kev using i r r a d i a t i o n  times from 30 

seconds t o  30 minutes a t  a f ixed beam current  of 5 x 10 
- 8  2 amperes/cm . 
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The r e s u l t s  a r e  shown i n  Fig.  D-4. The s a l i e n t  f e a t u r e  of t hese  r e s u l t s  
i s  t h a t  Qext(t)a log t f o r  some por t ion  of each measurement. The time e 
in te rva l  over which t h e  r e l a t i o n s h i p  holds increases  as t h e  i r r a d i a t i o n  
time i s  increased. One can attempt t o  explain these observations by 
(1) a s w e t r y  changes i n  the  charge d i s t r i b u t i o n ,  (2) the  r e l e a s e  of 
e lectrons from t raps  o r  (3) a combination of t r a p  r e l e a s e  and asymmetry 
changes. 

For a d i s t r i b u t i o n  of trapped e l ec t rons  which v a r i e s  with d i s t ance  
through the  media and i s  uniform over the  i r r a d i a t e d  a rea ,  a one dimen- 
s ional  so lu t ion  of Poisson‘s equation 

+. aE(x t = - 9 i ( x , t )  
E 

describes the e l e c t r i c a l  f i e l d  wi th in  t h e  ma te r i a l  where ; (x , t )  is the  
excess charge concentration. 
grounded, the zero f i e l d  point  x* can be determined f o r  a given d i s t r i -  
bution i ( x ,  t) by 

For a thickness 1 and the  e l ec t rodes  

Q x  
$ 1 ,(;;,t)dzdx = 0 . 0 - 3 )  
0 x*(t) 

The su r face  charge densi ty  a t  the e l ec t rode  can be expressed as 

XI  

x*(t) 
o(x’, t)  = D(x‘,t) = - EE(x’,t) = - q 1 i ( x , t ) d x  (D- 4) 

where the upper l i m i t  corresponds t o  t h e  e l ec t rode  of i n t e r e s t .  As 
the  space charge decays, a change i n  su r face  charge can r e s u l t  i n  a 
charge t r a n s f e r  through the  ex te rna l  c i r c u i t .  I f  t h e  space charge 
on both s i d e s  of the  z e r o - f i e l d  point  decays symnetr ical ly  i n  time, 
there  w i l l  be no ex te rna l  t r a n s f e r  of charge between t h e  e l ec t rodes .  
However, i f  the decay r e s u l t s  i n  n e t  charge p a i r s  on the  e l ec t rodes ,  
external  charge t r a n s f e r  w i l l  occur and can be expressed i n  terms of 
t h e  moving ze ro - f i e ld  point .  The t r a n s f e r  of  ex te rna l  charge can be 
expressed a s  (Ref. 17) 

( t )  = qA,(x*,t)dx* . dQext 

The d i f f i c u l t y  i n  applying Eq. (D-5) involves t h e  d i s t r i b u t i o n  
n (x*, t) . 

The r e l e a s e  of e l e c t r o n s  from t r a p s  can r e s u l t  i n  an ex te rna l  
charge t r a n s f e r  which has the time dependence shown i n  Fig.  D-4. For 
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Polyethylene Terephthalate 

Thickness 6 . 3  x cm 
Irradiation Electrode Thickness 

6 . 3  1 0 ' ~  
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Irradiation Beam Current 
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Figure D-4. External charge transfer as  a function of t i m e  for the 
indicated irradiation period. 
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trapping s i t e s  which are d i s t r i b u t e d  i n  energy such t h a t  a continuous 

function can be used t o  denote t h e  number per c m  per e l e c t r o n  v o l t  
below the  conduction l e v e l s ,  i t  has  been shown t h a t  t h e  t o t a l  charge 
i n  t raps  w i l l  decay a t  a ra te  which is  inve r se ly  proport ional  t o  t h e  
elapsed time i f  one excludes very s h o r t  and very long t i m e s  (Refs. 17 
and 21) .  This assumes t h a t  r e t r app ing  i s  a second order  e f f e c t  during 
space charge decay. 
i s  t o  be the  same as t h a t  f o r  t he  trapped e l e c t r o n  d i s t r i b u t i o n ,  t h e  
space charge synunetry during decay must respond such t h a t  

3 

I f  t h e  t i m e  dependence of ex te rna l  charge t r a n s f e r  

nt  (x, t) cc i(x*, t)dx* . (D-6) 

However, one cannot r e a d i l y  j u s t i f y  an assumption based upon Eq. (D-6)  
t ha t  w i l l  apply during t h e  e n t i r e  space charge decay. 

The model f o r  space charge decay can be extended t o  include the  
movement of t he  zero f i e l d  point  a s  t he  space charge r e d i s t r i b u t e s .  
Assuming t h a t  t h e  i n i t i a l  d i s t r i b u t i o n  of trapped e l ec t rons  is  uniformly 
d i s t r i b u t e d  from t h e  i r r a d i a t e d  e l ec t rode  t o  t h e  p r a c t i c a l  range of t h e  
primary e l ec t rons ,  t h e  space charge decay can be represented t o  a f i r s t  
approximation a s  shown i n  Fig.  D - 5 .  I n  t he  space charge region where 
the  trapped e l e c t r o n  concentrat ion predominates i n  Eq. ( D - 2 ) ,  t h e  change 
i n  the  f r e e  e l ec t ron  concentrat ion i s  determined by the  d r i f t  of f r e e  
c a r r i e r s  as w e l l  as the  emptying and retrapping of t h e  e l ec t rons .  I f  
t h e  charge i n  t raps  i s  much g r e a t e r  than t h e  f r e e  carrier concentra- 
t i on  and the  r a t e  of t r a p  emptying i s  much g r e a t e r  than t h e  rate o f  re- 
trapping, the  ne t  charge d i s t r i b u t i o n  w i l l  remain e s s e n t i a l l y  independent 
o f  dis tance during space charge decay. 

I n  t h e  region beyond the  p r a c t i c a l  range, t h e  e l e c t r i c  f i e l d  i s  
i n i t i a l l y  constant and the  t r anspor t  of e l ec t rons  depends upon t h e  
excess c a r r i e r  concentration. The space charge r e d i s t r i b u t i o n  i n  t h i s  
region w i l l  occur through t h e  thermal release of e l ec t rons  i n  t h e  
space charge region between t h e  zero f i e l d  point  and t h e  practical  
range and retrapping beyond t h e  p r a c t i c a l  range. I f  t he  ra te  of t rapping 
i s  much g r e a t e r  than t h e  ra te  of emptying f o r  deep t raps  i n  t h e  region 
where the  e l e c t r i c  f i e l d  i s  e s s e n t i a l l y  constant ,  t h e  space charge 
r e d i s t r i b u t i o n  w i l l  be p r imar i ly  t r a p  con t ro l l ed .  The space charge i s  
not expected t o  r e d i s t r i b u t e  with t h e  abrupt  f ron t .  However, t h e  present  
ana lys i s  w i l l  assume t h a t  t h e  t rapping occurs  such t h a t  t h e  space charge 
d i s t r i b u t i o n  i s  independent of d i s t ance  i n  t h i s  region throughout space 
charge decay. 
by t h e  t h e r m a l l y  re leased e l ec t rons  i s  small compared t o  t h e  ex ten t  of t he  
space charge region. I f  a l l  t h e  thermally r e l eased  e l ec t rons  i n  t h e  region 

This i s  a good approximation i f  t h e  mean d i s t ance  t r ave led  

between the  zero f i e l d  point  x* and t h e  e x t e n t  
r a r e  retrapped wi th in  Ar one ob ta ins  

di(x*) n(x*) 
d r  - r - x * *  

of t h e  space charge region 

0- 7 1 
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D i s ta n ce, x 

Figure D-5. The assumed trapped charge distribution during the i n i t i a l  
apace charge decay. 
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In tegra t ion  of Eq. (D-3) r e l a t e s  t h e  zero f i e l d  poin t  t o  t h e  ex ten t  of  
the space charge region and 

Combining Eqs. (D-7) and (D-8) r e s u l t s  i n  t h e  expression 

The expression i n  brackets  represents  t h e  way i n  which t h e  movement 
of t h e  zero f i e l d  poin t  a f f e c t s  t h e  k i n e t i c s  and magnitude of t h e  
ex terna l  charge t r a n s f e r .  The magnitude of t h i s  expression fo r  zero  
f i e l d  poin ts  of i n t e r e s t  i s  shown i n  Fig. D - 6 .  
i n  Eq. (D-5) one obta ins  

Introducing Eq. (D-9) 

X* dQext ( t )  = - SA Q f ( r ) d i ( x * )  

where 

(D- 10) 

Assuming the  space charge region is uniformly d i s t r i b u t e d  from t h e  
i r r a d i a t e d  e lec t rode  t o  t h e  p r a c t i c a l  range of t h e  primary e lec t rons ,  
the i n i t i a l  values  of i n t e r e s t  i n  Fig. D - 6  f o r  t h e  1 4  kev i r r a d i a t i o n  
a r e  r/Q = 0.58 and x*/Q = 0.41. For zero  f i e l d  po in t  movement i n  t h e  
range 0.41 - < x*/Q - < 0.48 i n t e g r a t i o n  of  Eq. (D-10) can be approximated 
by 

(D- 11) I (t) 2: %[ AQ = 0.41) - i(x*) . Qext 

However, for  t h e  assumed model ii(x*) = n (t) and t 

(D; 12) 

3 where n (t) is t he  number of  e l ec t rons  r e l eased  from t r a p s  per  c m  . r 
This approximation app l i e s  only fo r  t h e  t i m e  i n t e r v a l  where x*/P < 0.48 
and r / l  - < 0.8. Over t h i s  t i m e  i n t e r v a l ,  t h e  t rapped charge densiTy has  

90 



Appendix D 

0.10 

0.09 

0.08 

0.0 7 

0.06 

* 0.05 
f 

0.04 

0.03 

0.02 

0.0 I 

I I I 

0 
0 

0 
0 

/ 

0.3 0.35 0.4 0.45 0.5 
- X* 
P 

1.0 

0.8 

0.6 

0.4 

0; 2 

r 

Figure D-6. A plot of the functional relationships in equations D-8 and D-10. 
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decreased such t h a t  n(x*/P = 0.41) - 2.7 ;(x*/l = 0.48) using Eq. (D-9). 
For t h e  30 minute i r r a d i a t i o n  i n  Fig.  D-4, 

Qext( t )  = 5.4 x lo-' I n  ( t /60)  60 < t < 2 x lo3  . (D-13) - -  

Introducing t h i s  observat ion i n t o  Eq. (D-12) y i e l d s  

n r ( t )  = 7.5 x 1014 I n  ( t /60)  60 < t < 2 x 10 (D-14) - -  

for  t he  assumed model of space charge decay. Using 

n r ( t )  = nt(60) - n t ( t )  = 7.5 x I n  ( t /60)  60 - < t 5 2 x lo3 (D-15) 

and t h a t  over t he  t i m e  i n t e r v a l  T where t h e  release k i n e t i c s  predominate 
nt(60)/nt(7) 5 2.7 a minimum value  f o r  nt(60) can be obtained. 

Eq. (0-13) holds  f o r  60 < t < 2 x 10 , one can choose T = 2 x 10 such 

t h a t  nt(60) - > 4 x 1015 electrons/cm3 o r  a t o t a l  space charge g r e a t e r  

than 2 x coulomb. 

Since 

3 3 
- -  

For the  assumption of uniform n e t  charge dens i ty  from t h e  i r r a d -  
i a t e d  sur face  t o  t h e  p r a c t i c a l  range (r) of  t h e  primary e l ec t rons ,  t he  
minimum value  f o r  t he  trapped e l e c t r o n  dens i ty  can be used i n  conjunct ion 
with Poisson ' s  equation t o  ob ta in  a lower l i m i t  f o r  t h e  i n t e r n a l  e lec t r ic  
f i e l d  a t  t h e  i r r a d i a t e d  su r face  o f  t h e  polyethylene t e r eph tha la t e  fi lm. 

Using the  values  r = 3 x 10 cm, d = 6 x 10- cm, n > 4 x 10 
5 3 -13 

electrons/cm , E = 2.83 x 10 

volts/cm. Using t h e  30 minute i r r a d i a t i o n  i n  Fig.  D-4, t h e  minimum 

trapped e l ec t ron  dens i ty  from Eq. (D-1)  is nt - > 1.6 x 1015 electrons/cm 

and IEx = 01 - > 2 x 10 This  i s  approximately an  o rde r  of 

magnitude smaller  than published va lues  of t h e  f i e l d  s t r eng th  (Ref. 22). 

- 4  4 15 
t -  

farad/cm y i e l d s  (Ex = 0 1 - > 5.1 x 10 

3 

5 volts/cm. 

It has been poss ib le  t o  ga in  some confidence i n  these  va lues  o f  
i n t e r n a l  e l e c t r i c  f i e l d  using an app l i ed  vo l t age  and observing t h e  cur- 
r en t  flow before  i r r a d i a t i o n ,  during i r r a d i a t i o n  and a f t e r  i r r a d i a t i o n .  
With no b i a s  appl ied,  t h e  cu r ren t  flow a f t e r  i r r a d i a t i o n  has  ceased i s  
i n  a d i r e c t i o n  such t h a t  t h e  i r r a d i a t e d  e l ec t rode  i s  negat ive  with respec t  
t o  t h e  un i r r ad ia t ed  e lec t rode .  An ex te rna l  dc b i a s  w a s  appl ied  t o  t h e  
polyethylene t e r eph tha la t e  capac i to r  i n  a manner t o  oppose t h e  cur ren t  
flow due t o  space charge decay. A t  var ious  b i a s  levels, t h e  capac i tor  
w a s  i r r a d i a t e d  with 14 kev e l ec t rons  f o r  15 minutes a t  a cu r ren t  dens i ty  
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2 of 5 x amperes/cm . For a b i a s  l e s s  than 350 v o l t s ,  t h e  cu r ren t  
flow imnediately a f t e r  i r r a d i a t i o n  ceased was i n  t h e  d i r e c t i o n  consis- 
t e n t  wi th  space charge decay t o  t h e  i r r a d i a t e d  e l ec t rode  f o r  zero b ias .  

Af t e r  approximately lo3 seconds, t h e  current  flow was i n  a d i r e c t i o n  
cons i s t en t  wi th  t h e  appl ied dc b i a s .  
350 v o l t s ,  t h e  cu r ren t  flow w a s  i n  t h e  d i r e c t i o n  determined by the  

appl ied b i a s .  For t h e  6 x c m  polyethylene t e r e p h t h a l a t e  t h e  
appl ied e l e c t r i c  f i e l d  necessary t o  overcome t h e  space charge e f f e c t  

i s  approximately 5.8 x 10 volts/cm f o r  the 15 minute i r r a d i a t i o n .  

However, f o r  a b i a s  g r e a t e r  than 

5 

The r e p r o d u c i b i l i t y  €or t h e  measurement of trapped i r r a d i a t i o n  
e l e c t r o n  decay provides a d d i t i o n a l  information about t h e  present  work. 
I n  general ,  t h e  v a r i a t i o n s  from sample t o  sample f o r  the  measurement 
of ex te rna l  charge t r a n s f e r  were g r e a t e r  than t h e  estimated experimental 
e r r o r .  However, t h e  r e s u l t s  f o r  each sample were q u a l i t a t i v e l y  consis- 
t e n t  wi th  those shown i n  Figs .  D-2, D-3, and D-4 which are f o r  t h ree  
d i f f e r e n t  samples. 
ment f o r  repeated i r r a d i a t i o n s  of  a given sample  depended upon the  
number of times the  p a r t i c u l a r  sample had been i r r a d i a t e d .  
i n i t i a l  i r r a d i a t i o n s  on a newly prepared sample, charge r e l e a s e  
measurements were not  cons i s t en t  wi th  t h e  measurements obtained from 
subsequent i r r a d i a t i o n s .  However, a f t e r  the i n i t i a l  i r r a d i a t i o n s ,  the 
r e p r o d u c i b i l i t y  of  t h e  charge r e l e a s e  measurements were wi th in  the  
estimated experimental e r r o r .  This dependence suggests t h a t  the  
t rapping s i t e s  are r a d i a t i o n  induced, 

The r e p r o d u c i b i l i t y  of t h e  charge r e l e a s e  measure- 

For the  
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